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Introduction: 

Parkinson’s  disease  (PD)  is  a  widespread,  disabling  neurodegenerative  disorder  of 
unknown  etiology.  PD  symptoms  are  triggered  by  the  death  of  dopaminergic  (DA) 
neurons  of  the  substantia  nigra  (SNc).  Why  SNc  DA  neurons  are  preferentially  lost  in 
PD  is  unknown.  Our  working  hypothesis  when  we  started  the  project  was  that  the 
selective  vulnerability  of  SNc  DA  neurons  was  attributable  to  their  reliance  upon 
dendritic  L-type  (Cavl  .3)  calcium  channels  to  drive  autonomous  pacemaking  and 
resulting  mitochondrial  oxidant  stress  created  by  the  burden  of  pumping  calcium  out  of 
the  cell.  The  studies  proposed  in  this  project  were  aimed  at  testing  this  hypothesis.  As 
outlined  below,  these  studies  confirmed  this  hypothesis  and  identified  a  well-tolerated 
FDA  approved  drug  that  reduced  calcium  entry  and  vulnerability  to  toxins  without 
compromising  neuronal  function.  This  drug  (isradipine)  is  now  moving  into  clinical 
neuroprotection  trials  for  early  stage  PD. 

Our  project  had  four  specific  aims: 

•  To  compare  the  impact  of  calcium  loading  during  autonomous  pacemaking  on 
mitochondrial  function  in  vulnerable  SNc  DA  neurons  with  relatively  resistant  VTA 
DA  neurons; 

Progress:  After  discovering  that  the  usually  employed  means  of  assessing 
mitochondrial  oxidant  state  were  problematic  in  brain  slices,  we  generated  a 
transgenic  mouse  that  expressed  a  mitochondrial  matrix  targeted,  redox  sensitive 
variant  of  GFP  (mito-roGFP)  under  control  of  the  tyrosine  hydroxylase  (TH) 
promotor  (TFI-mito-roGFP).  Using  tissue  from  these  mice  to  conduct  2  photon 
laser  scanning  microscopy  (2PLSM)  and  patch  clamp  experiments,  we  found  that 
mitochondrial  matrix  oxidant  stress  was  higher  in  SNc  DA  neurons  than  in 
neighboring  VTA  DA  neurons  and  that  this  difference  was  attributable  to  calcium 
entry  through  L-type  calcium  channels.  Moreover,  we  discovered  that  this  oxidant 
stress  engaged  a  largely  unknown  defense  mechanism  involving  so-called 
‘uncoupling  proteins’  (UCPs);  when  activated  by  superoxide,  this  defense  system 
induced  transient  depolarizations  of  the  inner  mitochondrial  membrane  that 
diminished  oxidant  stress.  The  transient  opening  of  UCPs  was  manifested  as  a 
‘flickering’  in  mitochondrial  membrane  potential.  This  work  was  submitted  to 
Nature  and  was  favorably  reviewed;  it  is  now  in  revision  and  should  be 
resubmitted  by  the  first  week  of  April. 

•  To  compare  the  impact  of  calcium  loading  during  autonomous  pacemaking  on 
mitochondrial  function  in  vulnerable  SNc  DA  neurons  from  wild-type  mice  with 
mice  harboring  PD-related  genetic  deletions  or  mutations; 

Progress:  We  have  examined  four  genetic  models  of  PD:  LRRK2  knockouts, 
LRRK2  G2019S  mutants,  PINK1  knockouts  and  DJ-1  knockouts.  There  were  no 
obvious  deficits  in  pacemaking  or  calcium  oscillations  in  any  of  the  models. 
However,  in  the  PINK1  and  DJ-1  knockouts,  there  were  abnormalities  in  the 
mitochondrial  potential  fluctuations  that  accompanied  calcium  entry  during 
pacemaking  (as  described  above).  Our  work  on  the  DJ-1  knockout  is  closer  to 
completion  and  will  be  summarized.  In  SNc  DA  neurons  from  these  animals, 
mitochondrial  oxidant  stress  was  elevated  compared  to  wild-type  controls.  This 
was  determined  by  crossing  DJ-1  knockout  mice  with  our  TH-mito-roGFP  mice 


1 


and  conducting  2PLSM  experiments  with  brain  slices.  Surprisingly,  in  VTA 
neurons  from  knockout  mice,  oxidant  stress  was  normal,  suggesting  that  the 
impact  of  the  DJ-1  deletion  was  only  felt  in  neurons  that  were  already 
experiencing  oxidant  stress.  This  helps  to  explain  how  a  loss  of  function  mutation 
in  a  widely  expressed  gene  could  have  a  preferential  effect  on  SNc  DA  neurons.  A 
clue  about  why  oxidant  stress  was  higher  came  from  an  examination  of 
mitochondrial  membrane  potential  fluctuations  induced  by  UCPs;  these  were 
dramatically  attenuated  in  amplitude  and  frequency.  Profiling  for  UCPs  known  to 
be  expressed  in  the  SNc  (UCP2,  UCP4,  UCP5)  revealed  a  significant  down- 
regulation  in  UCP4  and  UCP5  expression  in  DJ-1  knockouts.  Because  DJ-1  is  a 
redox  sensitive  transcriptional  regulator,  the  most  parsimonious  interpretation  of 
these  results  is  that  oxidant  stress  created  by  calcium  entry  stimulates  DJ-1 
transcriptional  activity  and  up-regulates  expression  of  UCP4  and  UCP5,  which 
enhance  the  ability  of  SNc  DA  neurons  to  reduce  superoxide  levels.  These  studies 
are  included  in  the  Nature  submission. 

•  To  determine  the  impact  of  synaptically  evoked  elevations  in  cytosolic  calcium 
concentration  on  mitochondrial  function  in  vulnerable  SNc  DA  neurons; 

Progress:  Because  our  pursuit  of  the  first  two  aims  was  so  successful,  this  aim 
has  only  begun  to  be  addressed.  To  this  end  we  have  developed  the  capacity  to 
uncage  glutamate  at  somatic  and  dendritic  locations  using  two  photon  laser  light. 
This  gives  us  much  better  spatial  and  temporal  control  over  receptor  stimulation. 
These  studies  have  shown  that  activation  of  metabotropic  glutamate  receptors 
mobilize  intracellular  calcium  and  elevate  mitochondrial  oxidant  stress.  In  addition, 
we  have  found  that  activation  of  NMDA  receptors  also  elevates  cytosolic  calcium 
and  increases  mitochondrial  oxidant  stress  transiently.  These  studies  are  the 
subject  of  a  new  grant  proposal  that  has  fundamental  implications  for  the 
progression  of  PD. 

•  To  determine  whether  the  reliance  upon  Cavl  .3  calcium  channels  renders  SNc 
DA  neurons  more  prone  to  neurodegenerative  changes  following  exposure  to 
mitochondrial  toxins. 

Progress:  This  aim  was  approached  in  two  models  of  PD:  the  MPTP  and  6- 
OHDA  model.  To  better  mimic  the  slow  onset  of  human  disease,  a  chronic  MPTP 
model  was  used  in  which  mice  were  given  two  MPTP  injections  a  week  for  five 
weeks.  This  regimen  normally  results  in  the  loss  of  about  half  of  all  SNc  DA 
neurons.  Co-administration  of  isradipine  systemically  cut  this  loss  in  half  and 
prevented  mice  from  developing  any  behavioral  symptoms  (Chan  et  al.,  2007). 

The  6-OHDA  model  we  used  involved  intrastriatal  injection  of  the  toxin  to  mimic 
the  initial  loss  of  terminals  thought  to  occur  in  PD.  With  large  intrastriatal  injections 
of  6-OHDA  that  produced  greater  than  a  90%  loss  of  SNc  DA  neurons, 
systemically  administered  isradipine  had  little  effect  on  survival.  However,  if  the 
amount  of  6-OHDA  injected  was  reduced  to  produce  a  50-60%  loss  of  SNc  DA 
neurons  in  a  few  days,  isradipine  treatment  had  a  significant  effect,  cutting  the 
number  of  neurons  lost  in  half  (much  like  the  situation  with  chronic  MPTP 
treatment).  Thus,  with  both  toxin  models  antagonizing  L-type  channels  led  to 
protection.  The  next  question  we  asked  was  whether  it  mattered  how  much 
isradipine  was  given.  To  answer  this  question,  we  varied  the  rate  of  isradipine 
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delivered  by  osmotic  minipumps  placed  under  the  skin.  Animals  were  given 
intrastriatal  injections  of  6-OHDA  that  normally  produced  the  50-60%  percent  cell 
loss.  Ten  days  after  this  injection,  animals  were  tested  behaviorally  and  then 
sacrificed  for  histological  analysis.  We  also  took  serum  samples  from  mice  to 
determine  the  amount  of  circulating  isradipine  as  a  measure  of  what  was  actually 
getting  into  the  brain.  These  studies  revealed  something  very  important.  If  serum 
concentrations  of  isradipine  were  above  1  ng/ml,  there  was  clear  protection  but 
not  if  values  fell  below  this  level.  This  is  important  because  oral  dosing  of  time- 
released  isradipine  in  the  middle  of  the  FDA  range  (10  mg/day)  achieves  serum 
concentrations  of  1-2  ng/ml  in  humans.  This  dose  is  very  well  tolerated  in  early 
stage  PD  patients  and  has  no  effect  on  blood  pressure.  This  work  is  being 
prepared  for  publication  now. 

The  other  issue  raised  by  these  studies  is  what  treatment  with  isradipine  at  these 
concentrations  does  to  SNc  DA  neuron  activity.  The  prevailing  view  had  been  that 
L-type  channels  were  necessary  for  pacemaking  and  that  pacemaking  was 
essential  to  maintain  striatal  levels  of  dopamine  needed  for  motor  function.  If 
serum  concentrations  of  isradipine  in  the  low  nanomolar  range  was  protective,  it 
must  be  having  a  significant  impact  on  calcium  channel  function.  But  in  vitro 
experiments  typically  used  concentrations  of  dihydropyridine  that  were  orders  of 
magnitude  greater.  Using  calcium  imaging  and  electrophysiological  approaches 
we  demonstrated  two  key  points  that  were  relevant  to  taking  isradipine  into  the 
clinic  or  battlefield.  First,  L-type  channels  participate  in  pacemaking  but  are  not 
necessary;  in  their  absence,  other  channels  take  over  for  them.  The  confusion  in 
the  literature  about  their  role  was  a  consequence  of  using  concentrations  of  the 
drug  that  were  not  selective  and  resulted  in  blockade  of  other  channels  that 
participated  in  pacemaking.  This  finding  was  recently  published  in  the  Journal  of 
Neuroscience.  Second,  at  low  nanomolar  concentrations  of  isradipine  that  were 
protective,  roughly  half  of  the  Cavl  .3  L-type  channels  appear  to  be  effectively 
antagonized.  This  result  is  being  included  in  a  manuscript  that  has  been 
submitted  as  part  of  a  special  basal  ganglia  edition  of  Brain  Research  Reviews. 

Key  Research  Accomplishments: 

•  the  discovery  that  calcium  entry  through  L-type  channels  during  normal 
pacemaking  elevates  the  sensitivity  of  SNc  dopaminergic  neurons  to  toxins; 

•  the  discovery  that  L-type  calcium  channels  participate  in  but  are  not  necessary  for 
pacemaking; 

•  the  discovery  that  serum  concentration  of  the  dihydropyridine  isradipine  required 
to  achieve  protection  of  SNc  dopaminergic  neurons  against  toxins  in  animal 
models  is  similar  to  that  achieved  in  humans  by  FDA  approved  doses; 

•  the  discovery  that  calcium  entry  through  L-type  channels  during  pacemaking 
elevates  mitochondrial  oxidant  stress  and  leads  to  the  engagement  of  a  DJ-1- 
dependent  oxidant  defense  system  involving  uncoupling  proteins; 

Reportable  Outcomes: 

Peer-reviewed  manuscripts: 

Chan,  C.S.,  Guzman,  J.N.,  llijic,  E.,  Mercer,  J.N.,  Rick,  C.,  Tkatch,  T., 
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Meredith,  G.E.,  and  Surmeier,  D.J.  (2007).  'Rejuvenation'  protects 
neurons  in  mouse  models  of  Parkinson's  disease.  Nature  447,  1081-1086. 
Surmeier,  D.J.  (2007).  Calcium,  ageing,  and  neuronal  vulnerability  in 
Parkinson's  disease.  Lancet  Neurol  6,  933-938. 

Chan,  C.S.,  Gertler,  T.S.,  and  Surmeier,  D.J.  (2009).  Calcium  homeostasis, 
selective  vulnerability  and  Parkinson's  disease.  Trends  Neurosci  32,  249- 
256. 

Guzman,  J.N.,  Sanchez-Padilla,  J.,  Chan,  C.S.,  and  Surmeier,  D.J.  (2009). 
Robust  pacemaking  in  substantia  nigra  dopaminergic  neurons.  J  Neurosci 
29,11011-11019. 

Guzman,  J.N.,  Sanchez-Padilla,  J.,  Wokosin,  D.,  Kondapalli,  J.,  Ilijic,  E., 
Schumacker,  P.T.,  and  Surmeier,  D.J.  (2010).  Mitochondrial  oxidant  stress 
arising  from  calcium  entry  during  pacemaking  in  substantia  nigra 
dopaminergic  neurons  is  attenuated  by  DJ-1 .  Nature  in  revision. 

Surmeier,  D.J.,  Guzman,  J.N.,  Sanchez-Padilla,  J.,  and  Goldberg,  J.A. 

(2010).  What  causes  the  death  of  dopaminergic  neurons  in  Parkinson’s 
disease?  Brain  Res  (in  press). 

Surmeier,  D.J.,  Guzman,  J.N.,  Sanchez-Padilla,  J.,  and  Goldberg,  J.A. 

(2010).  The  origins  of  oxidant  stress  in  Parkinson’s  disease  and 
therapeutic  strategies.  Free  Radical  Biology  &  Medicine  (in  review). 

Seminars  related  to  funded  project: 

06/22/07:  Marcus  Wallenberg  Foundation  Symposium,  Stockholm,  Sweden; 

“Calcium,  Neural  Rejuvenation  and  Parkinson’s  Disease” 

10/02/07:  University  of  Chicago  Committee  on  Computational  Neuroscience 
Seminar  Series,  Chicago,  IL;  “Calcium,  Neural  Rejuvenation  and  Parkinson’s 
Disease” 

11/20/07:  Neuroscience  Seminar  Series,  University  of  Tennessee  Health  Science 
Center,  Memphis,  TN;  “Calcium,  Selective  Vulnerability  and  Parkinson’s 
Disease” 

03/13/08:  Case  Western  Reserve  University,  Cleveland,  OH;  “Calcium  and 
Selective  Vulnerability  of  Dopaminergic  Neurons  in  Parkinson’s  Disease” 
04/10/08:  Emory  University,  Atlanta,  GA;  “Calcium  and  Selective  Vulnerability  of 
Dopaminergic  Neurons  in  Parkinson’s  Disease” 

04/14/08:  Picower  Foundation  Parkinson’s  Disease  Consortium,  New  York,  NY 
04/15/08:  American  Academy  of  Neuroscience  Plenary  Session,  Chicago,  IL; 
“Channels  in  Parkinson’s  Disease” 

04/24/08:  State  University  of  New  York  at  Stony  Brook,  Neurobiology  of  Disease 
Seminar,  Stony  Brook,  NY  “Calcium  and  Selective  Vulnerability  of 
Dopaminergic  Neurons  in  Parkinson’s  Disease” 

05/28/08:  University  of  Salamanca,  International  Symposium  on  Novel  Advances 
in  Parkinson’s  Disease,  Salamanca,  Spain;  “The  Role  of  Calcium  in  Selective 
Vulnerability  of  Dopaminergic  Neurons  in  Parkinson’s  Disease”  2 
06/03/08:  Netherlands  Neuroscience  Foundation,  6th  Annual  Endo-Neuro- 
Psycho  meeting,  Lund,  Switzerland;  “Calcium  and  Selective  Vulnerability  of 
Dopaminergic  Neurons  in  Parkinson’s  Disease” 
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06/24/08:  Movement  Disorder  Society’s  12th  International  Congress  of 

Parkinson's  disease  and  Movement  Disorders,  Chicago,  IL;  “The  Molecular 
Underpinning  of  the  Selective  Neuronal  Vulnerability  in  Parkinson’s  Disease” 
09/05/08:  Society  for  General  Physiologists  2008  Woods  Hole  Meeting, 
Providence,  Rl;  “Calcium  Signaling  and  Disease” 

09/11/08:  University  of  Alabama  at  Birmingham  Retreat,  Neurobiology 

Department,  Birmingham,  AL;  presented  Keynote  talk  during  retreat.  “Calcium 
and  Selective  Vulnerability  of  Dopaminergic  Neurons  in  Parkinson’s  Disease” 
09/15/08:  Michael  J.  Fox  Foundation  2008  Parkinson’s  Disease  Therapeutics 
Conference,  Chicago,  IL;  “Neuroprotective  Effects  of  Isradipine  in  a  Mouse 
Model  of  Parkinson’s  Disease” 

09/18/08:  Children’s  Memorial  Research  Center  Seminar,  Chicago,  IL;  “Calcium, 
Neurodegeneration  and  Parkinson’s  Disease” 

12/13/08:  NeuroFortis  at  Lund  University,  Lund,  Switzerland;  “Calcium  and 
Selective  Vulnerability  of  Dopaminergic  Neurons  in  Parkinson’s  Disease” 
03/24/09:  German  Physiological  Society  Symposium,  Frankfurt/Giessen, 
Germany;  “Sources  and  Sensors  -  Calcium  Signaling  at  the  Plasma 
Membrane  and  Parkinson’s  Disease” 

04/21/09:  University  of  Texas  at  San  Antonio,  San  Antonio,  TX;  “Pacemaking 
without  L-Type  Calcium  Channels  in  Dopaminergic  Neurons” 

05/20/09:  Neurodegeneration  Conference,  Consiglio  Nationale  della  Richerche 
and  the  Cell  Death  and  Differentiation  Association,  Rome,  Italy;  “Calcium  and 
Selective  Vulnerability  of  Monoaminergic  Neurons  in  Parkinson's  Disease.” 
Chair,  “Mechanisms  of  Neurodegeneration.” 

09/17/09:  Seattle  Children’s  Research  Institute,  Center  for  Integrative  Brain 
Research;  Seminar  series  talk,  “Calcium,  Selective  Vulnerability  and 
Parkinson's  disease:  a  new  therapeutic  approach” 

1 1/03/09:  London  PD  Calcium  and  Parkinson’s  Disease  Conference,  The  Royal 
Society  of  Medicine,  London,  England;  Co-chair,  Session  1  -  Calcium 
Channel  Blockers  and  Vitamin  D;  Presenter,  Session  2  -  Calcium  and 
Channel  Blockers:  “Calcium,  mitochondria  and  selective  neuronal 
vulnerability”;  Presenter,  Session  3  -  Translation  from  Epidemiology  and 
Electrophysiology  into  Clinical  Practice:  “The  clinical  trial  with  Isradipine  in 
early-stage  Parkinson’s  disease  patients” 

1 1/15/09:  Harvard  University,  Harvard  NeuroDiscovery  Center  Symposium; 
Symposium  talk,  “Calcium  channels,  mitochondrial  oxidative  stress  and 
Parkinson’s  disease” 

11/19/09:  16th  Annual  Symposium  on  CA2+-  Binding  Proteins  and  CA2+ 

Function  in  Health  and  Disease,  Pucon,  Chile;  Presenter,  Session  8  - 
Calcium  and  Disease,  “Calcium  channels,  mitochondrial  oxidative  stress  and 
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Conclusion: 

These  studies  have  provided  fundamental  insights  into  the  mechanisms  underlying 
the  preferential  vulnerability  of  SNc  DA  neurons  in  PD.  They  demonstrate  that  the 
engagement  of  L-type  calcium  channels  during  pacemaking  elevates  cytosolic  calcium 
concentration  and  creates  a  metabolic  burden  on  mitochondria.  This  metabolic  burden 
elevates  mitochondrial  oxidant  stress.  Oxidant  stress  is  firmly  tied  to  increased  rates  of 
mitochondrial  DNA  mutation,  diminished  capacity  to  maintain  normal  energy  balance 
and  greater  propensity  for  death  or  degeneration.  Moreover,  our  results  show  that  the 
calcium  entry  through  these  L-type  channels  can  be  significantly  diminished  with  an 
FDA  approved  drug,  known  to  be  very  safe  in  humans;  the  concentrations  of  this  drug 
that  were  protective  in  two  models  of  PD  can  be  achieved  in  humans  with  few  or  any 
side-effects.  Clinical  trials  funded  by  the  MJFF  are  now  underway  to  better  define 
tolerated  doses  of  isradipine  in  early  stage  PD  patients,  laying  the  foundation  for  a 
larger,  clinical  neuroprotection  trial. 

There  are  several  questions  that  remain  to  be  answered.  Perhaps  the  most 
important  of  these  to  understanding  the  mechanisms  underlying  the  loss  of  SNc  DA 
neurons  in  PD  is  whether  the  metabolic  stress  created  by  glutamatergic  synaptic  input 
synergizes  with  that  created  by  pacemaking  to  further  accelerate  neurodegeneration  in 
the  later  stages  of  the  disease.  Recent  studies  showing  that  partial  lesioning  of  SNc  DA 
neurons  leads  to  an  elevation  in  extracellular  glutamate  concentrations  in  the  SNc 
suggests  that  sustained  activation  of  glutamate  receptors,  particularly  NMDA  and 
metabotropic  receptors,  could  be  a  significant  factor  in  accelerating  cell  loss.  A  proposal 
to  pursue  this  question  is  being  prepared. 
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Parkinson's  disease  (PD)  is  a  common  neurodegenera- 
tive  disorder  of  which  the  core  motor  symptoms  are 
attributable  to  the  degeneration  of  dopamine  (DA) 
neurons  in  the  substantia  nigra  pars  compacta  (SNc). 
Recent  work  has  revealed  that  the  engagement  of  L-type 
Ca2+  channels  during  autonomous  pacemaking  renders 
SIMc  DA  neurons  susceptible  to  mitochondrial  toxins 
used  to  create  animal  models  of  PD,  indicating  that 
homeostatic  Ca2+  stress  could  be  a  determinant  of  their 
selective  vulnerability.  This  view  is  buttressed  by  the 
central  role  of  mitochondria  and  the  endoplasmic  reti¬ 
culum  (linchpins  of  current  theories  about  the  origins  of 
PD)  in  Ca2+  homeostasis.  Here,  we  summarize  this  evi¬ 
dence  and  suggest  the  dual  roles  had  by  these  organelles 
could  compromise  their  function,  leading  to  accelerated 
aging  of  SNc  DA  neurons,  particularly  in  the  face  of 
genetic  or  environmental  stress.  We  conclude  with  a 
discussion  of  potential  therapeutic  strategies  for  slow¬ 
ing  the  progression  of  PD. 

Introduction 

Parkinson’s  disease  (PD)  is  a  disabling  neurodegenerative 
disorder  that  is  strongly  associated  with  aging,  increasing 
exponentially  in  incidence  above  the  age  of  65  [1,2].  The 
incidence  of  PD  is  expected  to  rise  dramatically  worldwide 
in  the  next  25  years  with  the  extension  of  life  expectancy  by 
improved  health  care  [3].  Although  there  are  signs  of 
distributed  neuropathology,  as  judged  by  Lewy  body 
(LB)  formation,  the  motor  symptoms  of  PD,  including 
bradykinesia,  rigidity  and  resting  tremor,  are  clearly 
linked  to  the  degeneration  and  death  of  substantia  nigra 
pars  compacta  (SNc)  dopamine  (DA)  neurons  [4,5].  The 
efficacy  of  the  clinical  gold-standard  treatment  of  l-DOPA 
(3,4-dihydroxy-L-phenylalanine;  a  DA  precursor)  is  testa¬ 
ment  to  the  centrality  of  these  neurons  in  PD.  Here,  we 
examine  the  evidence  that  the  selective  vulnerability  of 
these  neurons  is  attributable  to  their  expression  of  a 
physiological  phenotype  that  creates  a  sustained  challenge 
to  Ca2+  homeostasis. 

What  causes  SNc  DA  neurons  to  die  in  PD? 

The  mechanisms  responsible  for  the  preferential  loss  of  DA 
neurons  in  PD  have  been  debated  for  decades.  A  widely 
held  theory  implicates  DA  itself,  suggesting  that  oxidation 
of  cytosolic  DA  (and  its  metabolites)  leads  to  the  production 
of  cytotoxic  free  radicals  [6] .  However,  there  are  reasons  to 
doubt  this  type  of  cellular  stress  is  responsible  for  either 
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normal  aging  or  the  loss  of  DA  neurons  in  PD.  For  example, 
there  is  considerable  regional  variability  in  the  vulner¬ 
ability  of  DA  neurons  in  PD,  with  some  being  devoid  of 
pathological  markers  [7-11].  Moreover,  l-DOPA  adminis¬ 
tration  (which  relieves  symptoms  by  elevating  DA  levels  in 
PD  patients)  does  not  accelerate  disease  progression  [12], 
indicating  that  DA  is  not  a  substantial  source  of  reactive 
oxidative  stress. 

In  recent  years,  attention  has  turned  to  the  role  of 
mitochondrial  dysfunction  in  PD  [13-15].  In  addition  to 
the  ability  of  several  toxins  that  target  mitochondria  to 
create  a  parkinsonian  phenotype  [16,17],  compelling  evi¬ 
dence  for  mitochondrial  involvement  in  PD  comes  from  the 
study  of  human  PD  patients.  In  postmortem  tissue 
samples  of  the  SNc  from  sporadic  PD  patients,  there  is  a 
substantial  decrease  in  the  activity  of  mitochondrial 
NADH  ubiquinone  reductase,  referred  to  as  complex  I  of 
the  electron  transport  chain  (ETC)  [18];  this  deficit  is 
specific  to  PD  patients  [19]  and  seems  to  reflect  oxidative 
damage  to  complex  I  [20].  Oxidative  damage  to  other 
cellular  components  such  as  lipids,  proteins  and  DNA  also 
has  been  found  in  the  SNc  of  PD  brains  [21],  The  source  of 
this  oxidative  stress  is  largely  mitochondrial:  reactive  ox¬ 
ygen  species  (ROS)  and  other  radicals  are  generated  by 
inefficiencies  in  the  ETC;  the  ETC  is  responsible  for  creat¬ 
ing  the  electrochemical  gradient  across  the  inner  mito¬ 
chondrial  membrane  that  drives  ATP  synthase  and  the 
conversion  of  adenosine  diphosphate  to  ATP  [22] .  ROS  also 
are  thought  to  be  responsible  for  the  high  level  of  somatic 
DNA  mutations  in  SNc  DA  neurons  [23].  The  physical 
proximity  of  mitochondrial  DNA  (mtDNA)  to  the  site  of 
ROS  generation  probably  makes  them  an  even  more 
vulnerable  target.  The  mitochondrial  genome  encodes  13 
proteins  involved  in  the  mitochondria  respiratory  chain,  7 
of  which  are  involved  in  the  formation  of  complex  I  [13]. 
The  number  of  mtDNA  mutations  present  in  clonally 
expanded  clusters  of  SNc  mitochondria  is  positively  corre¬ 
lated  with  age  and  negatively  correlated  with  cytochrome 
oxidase  activity  (a  marker  for  functional  respiratory 
activity)  [24].  Their  clonal  nature  argues  that  these 
mutations  are  due  to  the  expansion  of  a  somatic  mutation, 
not  a  genetic  mutation  present  at  birth.  Because  many  of 
these  mtDNA  mutations  impair  ETC  function  [25],  they 
are  likely  to  contribute  to  the  loss  of  SNc  DA  neurons. 
Lastly,  although  deficits  in  the  complex  I  activity  of  plate¬ 
lets,  skeletal  muscle,  fibroblasts  and  lymphocytes  have 
been  reported  in  some  PD  patients  [26],  this  is  not  a 
consistent  feature  of  the  disease,  arguing  that  mitochon¬ 
drial  dysfunction  is  regionally  selective  [27]. 
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Box  1.  Genetic  PD  mutations  and  mitochondria 

Several  of  the  genetic  mutations  associated  with  familial  PD  are 
directly  linked  to  mitochondrial  dysfunction.  DJ-1  ( PARK7 ),  a  genetic 
mutation  associated  with  early-onset  PD,  has  been  putatively 
categorized  as  an  atypical  mitochondrial  'peroxiredoxin-like  perox¬ 
idase',  decreasing  the  accumulation  of  hydrogen  peroxide  and, 
thus,  damage  from  downstream  ROS  production  [106].  Parkin 
( PARK2 )  is  a  ubiquitin  ligase  tied  to  mitochondrial  function  in 
knockout  studies  in  both  mice  and  Drosophila.  Fruit  flies  with 
functional  deletions  of  Parkin  posses  fragmented  and  apoptotic 
mitochondria  with  compromised  structural  integrity  [107];  knockout 
mice  have  a  less  dramatic  but  noteworthy  syndromic  phenotype 
(including  decreased  mitochondrial  [respiratory]  function,  de¬ 
creased  metabolic  drive  and  increased  lipid  and  protein  phosphor¬ 
ylation),  indicative  of  functional  mitochondrial  impairment  [108], 
Phosphatase  and  tensin  homolog  (PTEN)-induced  putative  kinase  1 
(PINK1;  PARK6),  which  also  is  associated  with  familial  PD,  leads  to 
an  identical  phenotype  in  Drosophila  loss-of-function  mutants  as 
does  Parkin:  fragmented  cristae  and  apoptotic  mitochondria;  this 
phenotype  can  be  rescued  by  Parkin  overexpression,  indicating 
involvement  in  some  common  biochemical  pathway  [109,110], 
Although  found  both  in  cytosolic  and  mitochondrial  preparations, 
PINK1  has  an  N-terminus  mitochondrial  targeting  sequence  [111]. 
Mutations  of  leucine-rich  repeat  kinase  (LRRK2;  PARKS)  are 
associated  with  a  much  larger  fraction  of  PD  cases  in  some  ethnic 
groups  [1 12];  LRRK2  is  largely  cytosolic  but  a  fraction  of  the  protein 
is  associated  with  mitochondria  [113], 


Further  support  for  a  mitochondrial  link  in  PD  comes 
from  the  rapidly  expanding  literature  on  genetic  mutations 
associated  with  familial  forms  of  PD  [28] .  Although  much 
remains  to  be  done  in  defining  the  roles  of  the  proteins 
coded  for  by  these  genes,  an  extraordinary  number  of  them 
are  localized  in  or  interact  with  mitochondria  (Box  D. 

Another  organelle  that  has  been  widely  linked  to  patho¬ 
genesis  in  PD  is  the  endoplasmic  reticulum  (ER).  The  ER  is 
an  integral  component  of  the  cellular  machinery  respon¬ 
sible  for  the  production,  delivery  and  degradation  of 
proteins,  a  process  referred  to  as  proteostasis  [29],  One 
of  the  hallmarks  of  PD  is  the  formation  of  LBs,  an  abnormal 
protein  aggregate  found  in  SNc  DA  neurons  and  elsewhere 
in  the  brain  [30] .  These  depositions  reflect  a  deficiency  in 
proteostasis  that  is  accompanied  by  signs  of  ER  stress  and 
an  attempt  to  sequester  cytotoxic  proteins  [31].  In  part, 
LBs  in  PD  reflect  the  decline  in  proteostatic  competence 
that  accompanies  normal  aging  [29].  What  seems  to  dis¬ 
tinguish  PD  is  the  presence  of  an  additional  proteostatic 
burden  that  causes  an  aged  DA  neuronal  ensemble  to  fail 
en  masse  (see  later)  [15,32,33]. 

Taken  together,  the  evidence  for  the  involvement  of 
mitochondria  and  ER  in  the  PD  pathogenesis  is  unequi¬ 
vocal.  The  crucial  question  is  whether  or  not  the  disease 
begins  with  the  dysfunction  of  these  organelles.  The  strik¬ 
ing  regional  distribution  of  deficits  argues  against  the 
primacy  of  mitochondrial  or  ER  dysfunction  in  PD.  There 
is  no  evidence  that  mitochondria  in  cortical  pyramidal 
neurons  (which  show  little  to  no  sign  of  pathology  in  PD) 
differ  in  any  important  respect  from  mitochondria  in  SNc 
DA  neurons.  There  is  no  evidence  for  substantive  variation 
in  the  ER  (or  other  proteostatic  elements)  between  vulner¬ 
able  and  resistant  neurons  either.  Furthermore,  there  is  no 
evidence  of  selective  regional  expression  of  genes  associ¬ 
ated  with  familial  forms  of  PD  that  would  be  predictive  of 


disease  progression  [28].  The  most  straightforward  con¬ 
clusion  to  be  drawn  from  the  evidence  at  hand  is  that  the 
cellular  environment  in  which  these  organelles  find  them¬ 
selves  accelerates  their  decline  with  age,  making  them 
more  vulnerable  to  genetic  or  environmental  stress.  What 
then  is  distinctive  about  the  organelle  environment  cre¬ 
ated  by  SNc  DA  neurons? 

SNc  DA  neurons  have  a  distinctive  physiological 
phenotype 

SNc  DA  neurons  have  an  unusual  physiological  phenotype. 
Unlike  the  vast  majority  of  neurons  in  the  brain,  adult  SNc 
DA  neurons  are  autonomously  active,  generating  action 
potentials  in  a  clock-like  (2-4  Hz)  manner  in  the  absence  of 
synaptic  input  [34].  This  pacemaking  activity  is  believed  to 
be  important  in  maintaining  ambient  DA  levels  in  regions 
that  are  innervated  by  these  neurons,  particularly  the 
striatum  [35] .  Whereas  most  neurons  rely  on  monovalent 
cation  channels  to  drive  pacemaking,  SNc  DA  neurons  also 
engage  ion  channels  that  enable  Ca2+  to  enter  the  cyto¬ 
plasm  [36-38],  leading  to  elevated  intracellular  Ca2+  con¬ 
centrations  [39,40].  The  L-type  Ca2+  channels  used  by  SNc 
DA  neurons  in  pacemaking  have  a  distinctive  Cav1.3  pore¬ 
forming  subunit  encoded  by  Cacnald  [40,41];  channels 
with  this  subunit  differ  from  other  L-type  Ca2+  channels 
in  that  they  open  at  relatively  hyperpolarized  potentials, 
enabling  them  to  help  push  the  cell  to  spike  threshold 
[38,40].  Cav1.3  Ca2+  channels  are  relatively  rare,  consti¬ 
tuting  only  ~  10%  of  the  all  the  L-type  Ca2+  channels  found 
in  the  brain  [42] .  Not  only  are  they  rare  but  in  many  of  the 
other  neurons  where  they  are  found  they  have  a  different 
role  than  the  one  in  SNc  DA  neurons;  for  example,  in 
striatal  medium  spiny  neurons,  Cav1.3  Ca2+  channels 
are  positioned  near  to  synapses  where  they  are  only  acti¬ 
vated  episodically  in  response  to  synaptic  depolarization  or 
dendritic  action  potentials  [43]. 

The  sustained  engagement  of  Cav1.3  Ca2+  channels 
during  pacemaking  comes  at  an  obvious  metabolic  cost 
to  SNc  DA  neurons.  Because  of  its  involvement  in  cellular 
processes  ranging  from  the  regulation  of  enzyme  activity  to 
programmed  cell  death,  Ca2+  is  under  very  tight  homeo¬ 
static  control,  with  a  cytosolic  set  point  near  to  100  nM; 
that  is  10  000  times  lower  than  the  concentration  of  Ca2+  in 
the  extracellular  space  [44-46].  Ca2+  entering  neurons  is 
rapidly  sequestered  or  pumped  back  across  the  steep 
plasma  membrane  concentration  gradient;  this  process 
requires  energy  stored  in  ATP  or  in  ion  gradients  that 
are  maintained  with  ATP-dependent  pumps  (Figure  1).  In 
most  neurons,  Ca2+  channel  opening  is  a  rare  event,  occur¬ 
ring  primarily  during  very  brief  action  potentials.  This 
makes  the  task  and  the  metabolic  cost  to  the  cell  readily 
manageable.  But  in  SNc  DA  neurons,  where  Cav1.3  Ca2+ 
channels  are  open  much  of  the  time,  the  magnitude  and  the 
spatial  extent  of  Ca2+  influx  is  much  larger  [39].  The  two 
organelles  most  responsible  for  handling  Ca2+  crossing  the 
plasma  membrane  are  the  two  organelles  most  closely 
linked  to  PD:  the  ER  and  the  mitochondrion. 

The  ER  and  mitochondria  partner  in  Ca2+  homeostasis 

The  ER  sits  squarely  at  the  center  of  the  machinery 
responsible  for  Ca2+  homeostasis  [47].  The  ER  forms  a 
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Figure  1.  Ca2+  transport  in  SNc  DA  neurons.  The  steep  concentration  gradient  for  Ca2+  enables  it  to  cross  the  plasma  membrane  readily  into  cells  through  open  pores  such 
as  L-type  Ca2+  channels.  Once  inside  neurons,  it  is  either  transported  back  across  the  plasma  membrane  or  sequestered  in  intracellular  organelles.  Ca2+  is  transported 
across  the  plasma  membrane  through  either  the  Ca2+-ATPase  (PMCA)  or  through  a  Na+/Ca2+  exchanger  (NCX)  that  relies  upon  the  Na+  gradient.  Ca2+  is  rapidly  sequestered 
either  by  ionic  interactions  with  buffering  proteins  or  by  transport  into  cytosolic  organelles  (i.e.  the  mitochondria  and  the  ER).  The  ER  uses  high-affinity  smooth  ER  Ca2+ 
(SERCA)  pumps  that  depend  upon  ATP  to  take  Ca2+  from  the  cytoplasm  into  the  ER  lumen.  Ca2+  flows  back  into  the  cytoplasm  after  the  opening  of  inositol  trisphosphate 
receptors  (IP3R)  and  ryanodine  receptors  (RyR)  studding  the  ER  membrane.  Mitochondria  are  often  found  in  close  apposition  to  the  ER  and  plasma  membrane,  creating  a 
region  of  high  (but  localized)  Ca2+  concentration  that  drives  Ca2+  into  the  matrix  of  mitochondria  through  a  Ca2+  uniporter.  Ca2+  can  leave  the  mitochondrion  through  a 
number  of  mechanisms.  The  dominant  mitochondrial  Ca2+-efflux  path  in  neurons  is  through  mitochondrial  NCXs.  Ca2+  release  through  higher  conductance  ion  channels, 
such  as  the  mitochondrial  permeability  transition  pore  (mPTP),  has  also  been  proposed.  The  mPTP  is  posited  to  have  two  conductance  states:  a  low-conductance  state  that 
is  reversible  and  participates  in  physiological  Ca2+  handling,  and  a  high-conductance  state  that  is  irreversible  and  leads  to  mitochondrial  swelling  and  loss  of  molecules 
such  as  cytochrome  c  that  trigger  apoptosis  (Figure  2).  Also  shown  schematically  are  elements  of  the  tricarboxylic  acid  (TCA)  cycle  that  produces  reducing  equivalents  for 
the  electron  transport  chain;  complexes  I— IV  are  shown  in  red.  The  electrochemical  gradient  created  drives  ATP  synthase  and  the  conversion  of  ATP  from  adenosine 
diphosphate  (ADP)  delivered  to  the  matrix  by  the  adenine  nucleotide  translocator  (ANT). 


continuous,  intracellular  network,  enabling  it  to  regulate 
both  local  and  global  Ca2+  signals.  As  in  other  neurons,  the 
ER  network  in  SNc  DA  neurons  extends  throughout  the 
somatodendritic  tree  [48,49] .  High-affinity  ATP-dependent 
transporters  move  Ca2+  from  the  cytoplasm  into  the  ER 
lumen.  The  absence  of  high-affinity,  anchored  intraluminal 
Ca2+  buffers  and  the  physical  continuity  of  the  lumen 
within  the  cell  [50,51]  enables  the  ER  to  rapidly 
(~30  p.m/s)  redistribute  Ca2+  between  intracellular  com¬ 


partments,  thus  avoiding  pro-apoptotic  accumulations  in 
the  cytosol  [49] .  Ca2+  sequestered  in  the  ER  is  released  at 
sites  where  it  can  be  pumped  back  across  the  plasma 
membrane  or  where  it  can  be  used  to  modulate  cellular 
function  [52-56] .  However,  the  storage  capacity  of  the  ER  is 
limited.  BCL-2  family  proteins,  which  are  implicated  in 
apoptosis,  control  the  ER  Ca2+  concentration  and  are 
capable  of  adjusting  it  in  response  to  stress  [57] .  Movement 
away  from  this  set  point  can  compromise  proteostasis.  In 
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part,  this  is  a  consequence  of  the  fact  that  Ca2+  is  an 
allosteric  regulator  of  protein  processing  and  folding 
[58,59].  Depleting  ER  Ca2+  stores  induces  ER  stress  and 
the  unfolded  protein  response  [58,59].  Conversely,  proteo- 
static  deficits  in  Alzheimer’s  disease  have  been  associated 
with  high  ER  Ca2+  concentrations  and  large  changes  in 
cytosolic  Ca2+  concentration  upon  ER  release  [60] ,  mirror¬ 
ing  what  has  been  found  in  wild-type  SNc  DA  neurons  [61] . 

Ca2+  released  from  the  ER  through  inositol  trispho- 
sphate  (IP3)  or  ryanodine  receptors  can  enter  mitochondria 
at  points  of  apposition  between  the  organelles  which  form 
functional  Ca2+  microdomains  [62,63].  The  steep  potential 
gradient  (~— 200  mV)  across  the  inner  mitochondrial  mem¬ 
brane  drives  Ca2+  into  the  matrix  through  a  pore  called  the 
Ca2+  uniporter  [64].  This  ER-mitochondrial  system  not 
only  serves  a  role  in  Ca2+  buffering  but  also  increases 
ATP  production  by  stimulating  enzymes  of  the  tricar¬ 
boxylic  acid  (TCA)  cycle  [65],  helping  to  meet  the  metabolic 
demands  associated  with  electrical  activity  and  influx  of 
Ca2+.  However,  it  is  possible  that,  despite  this  normally 
stimulatory  role,  the  large  Ca2+-buffering  burden  created 
by  pacemaking  in  SNc  DA  neurons  ultimately  compro¬ 
mises  mitochondrial  ATP  synthesis.  In  isolated  brain  mito¬ 
chondria,  elevating  the  Ca2+  concentration  in  the  media 
induces  a  transient  collapse  of  the  matrix  potential,  reflect¬ 
ing  the  reversible  opening  of  an  inner  membrane  pore  in 
response  to  the  rise  in  matrix  Ca2+  concentration  [66]; 
elevating  the  concentration  of  Ca2+  further  induces  an 
irreversible  mitochondrial  depolarization  attributable  to 
the  opening  of  the  mitochondrial  permeability  transition 
pore  (mPTP)  [22].  During  these  transient  periods  of 
depolarization  there  is  no  electrochemical  gradient  to 
power  ATP  synthase,  and  ATP  production  halts  [22]. 
Unpublished  studies  by  our  group  have  revealed  that 
mitochondrial  potential  in  SNc  DA  neurons  oscillates 
during  normal  pacemaking,  much  like  that  of  isolated 
mitochondria  challenged  by  Ca2+,  indicating  that  mito¬ 
chondrial  ATP  production  is  compromised  by  elevations 
in  cytosolic  Ca2+  concentration  during  pacemaking. 

Judging  by  aging-related  changes  in  phenotypic  mar¬ 
kers  [67] ,  the  stress  created  by  playing  two  roles  seems  to 
be  inconsequential  for  either  the  ER  or  mitochondria  in 
most  neurons.  However,  it  is  not  clear  that  this  is  true  for 
SNc  DA  neurons.  As  outlined  earlier,  elevated  intralum¬ 
inal  ER  Ca2+  concentration  could  compromise  the  ability  of 
the  ER  to  properly  fold  and  process  proteins  (Figure  2). 
Passing  this  Ca2+  on  to  mitochondria  could  compromise 
their  ability  to  generate  ATP,  despite  the  concomitant 
increased  demand  for  ATP  posed  by  the  need  to  move 
Ca2+  out  of  the  cell.  Attempts  to  meet  this  demand  by 
accelerating  ETC  activity  between  periods  of  depolariz¬ 
ation  brought  on  by  Ca2+  buffering  might  overwhelm  oxi¬ 
dative  defenses,  leading  to  the  escape  of  damaging  ROS. 

Is  PD  a  manifestation  of  Ca2+-accelerated  aging? 

One  of  the  oldest  and  most  popular  theories  of  aging  is  that 
it  is  a  direct  consequence  of  accumulated  mtDNA  and 
organelle  damage  produced  by  ROS  and  related  reactive 
molecules  generated  by  the  ETC  in  the  course  of  oxidative 
phosphorylation  [68,69] .  A  corollary  of  this  hypothesis  is 
that  the  rate  of  aging  is  directly  related  to  metabolic  rate. 


Figure  2.  The  role  played  by  the  ER  and  mitochondria  in  Ca2+  homeostasis  could 
contribute  to  Lewy  body  (LB)  formation  and  premature  death  of  SNc  DA  neurons. 
Ca2+  entry  through  plasma  membrane  Cav1 .3  Ca2+  channels  during  activity  is  either 
pumped  back  across  the  plasma  membrane  or  rapidly  sequestered  in  the  ER  or 
mitochondria  (Figure  1).  Both  processes  require  energy  stored  in  the  form  of  ATP 
(red  'ATP'  labels  denote  ATP  requirement).  The  metabolic  demand  created  by 
these  ATP-dependent  steps  in  Ca2+  homeostasis  should  increase  oxidative 
phosphorylation  in  mitochondria  and  the  production  of  damaging  ROS.  ROS 
damage  mitochondrial  proteins  such  as  complex  I  and  mtDNA,  reducing  the 
efficiency  of  oxidative  phosphorylation  (negative  consequences  are  symbolized  by 
red  circles;  positive  or  augmenting  consequences  are  symbolized  by  red  arrows). 
In  extreme  cases,  the  stress  on  mitochondria  induces  mPTP  opening,  swelling  and 
the  release  of  cytochrome  c  and  other  pro-apoptotic  proteins  such  as  apoptosis- 
inducing  factor  (AIF).  In  parallel,  ROS  are  capable  of  damaging  ER  proteins, 
elevating  the  concentration  of  misfolded  proteins  that  need  to  be  degraded  by 
proteasomes  and  autophagosomes.  The  unfolded  protein  response  (UPR) 
triggered  by  this  elevation  in  misfolded  proteins  should  further  reduce  ER 
production  of  proteins  and  potentially  lead  to  the  release  of  pro-apoptotic 
factors  such  as  C/EBP  homologous  protein  (CHOP).  The  role  of  mitochondria  in 
Ca2+  homeostasis  could  further  compromise  their  ability  to  generate  ATP,  leading 
to  a  functionally  important  drop  in  cytosolic  ATP  levels.  Such  a  drop  would 
compromise  both  ER  and  proteasome  and  autophagosome  function,  also 
promoting  the  formation  of  protein  aggregates  such  as  LBs.  Genetic  mutations 
(Box  1)  or  environmental  toxins  such  as  rotenone  could  further  compromise 
mitochondrial  or  ER  function,  rendering  them  more  vulnerable  to  Ca2+-induced 
stress.  By  hastening  the  decline  in  ER  and  mitochondrial  function  and  the 
accelerated  loss  of  SNc  DA  neurons,  these  genetic  and  environmental  factors 
could  be  seen  as  'causing'  PD. 

There  is  no  obvious  reason  not  to  extend  this  organismal 
postulate  to  individual  cells.  The  reliance  of  SNc  DA 
neurons  on  a  metabolically  expensive  strategy  to  generate 
autonomous  activity  that  taxes  mitochondria  should  mean 
that  they  age  more  rapidly  than  other  types  of  neuron.  The 
added  homeostatic  weight  on  mitochondria  and  the  ER  by 
Ca2+  should  exacerbate  this  metabolic  stress. 

Is  PD  simply  a  reflection  of  accelerated  aging  in  neurons 
that  rely  too  heavily  upon  Ca2+  channels  to  do  their 
business?  Age  is  undoubtedly  the  single  strongest  risk 
factor  for  PD  [70,71].  Stereological  estimates  of  normal 
aging-related  cell  death  in  humans  argue  that  SNc  DA 
neurons  are  at  a  higher  risk  than  other  neurons  in  the 
absence  of  disease,  because  they  are  lost  at  a  higher  rate 
(5-10%  per  decade),  than  many  other  types  of  neurons 
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(some  of  which  show  no  appreciable  loss  over  a  6-7  decade 
span)  [67].  In  mammals  with  substantially  shorter  life¬ 
spans,  loss  of  SNc  DA  neurons  with  age  has  not  been  seen 
reliably,  but  there  is  a  clear  decline  in  phenotypic  markers 
with  age  and  an  increased  susceptibility  to  toxins,  arguing 
that  they  are  on  the  same  road  traversed  by  human 
neurons  [72-74].  Furthermore,  the  spatial  pattern  of  the 
decline  in  phenotypic  markers  with  age  matches  that  seen 
in  PD  [75-77],  arguing  that  they  are  closely  related 
phenomena. 

This  ‘wear  and  tear’  theory  of  PD  does  not  require  a 
pathogenic  agent.  Moreover,  it  argues  that  there  is  no 
disease  ‘onset’  other  than  the  one  created  by  the  emergence 
of  symptoms  when  the  surviving  SNc  DA  neurons  are 
incapable  of  fully  compensating  for  the  loss  of  neighboring 
neurons  [78].  It  also  predicts  that  we  will  all  develop 
symptoms  if  we  live  long  enough.  Why  then  do  some  people 
become  symptomatic  in  their  50  s,  others  in  their  60  s  or 
70  s  or  not  at  all?  Genetic  and  environmental  factors 
certainly  could  account  for  this  variation  [28,70,79].  These 
factors  could  increase  (or  decrease)  the  rate  at  which 
vulnerable  neurons  age  by  compromising  (or  enhancing) 
ER  or  mitochondrial  function.  Furthermore,  because  the 
rate  of  cell  loss  should  increase  with  accumulated  age- 
dependent  organelle  damage,  it  is  entirely  possible  that 
at  some  point  an  inflammatory  threshold  is  crossed,  trig¬ 
gering  microglia  activation  and  further  neuron  loss  [80] . 

Can  the  Ca2+-mediated  cellular  aging  hypothesis 
account  for  the  vulnerability  of  other  cell  types  in  PD? 
Certainly  it  is  consistent  with  the  diminished  vulnerability 
of  SNc  DA  neurons  that  express  the  Ca2+-binding  protein 
calbindin  [81,82].  Other  regions  of  the  brain  that  have  cell 
loss  paralleling  that  of  the  SNc  are  the  locus  ceruleus  (LC) 
and  hypothalamic  tuberomamillary  nucleus  [30,83].  The 
neurons  of  the  LC  and  the  tuberomamillary  neurons  are 
similar  to  SNc  DA  neurons  in  several  respects.  Like  SNc 
DA  neurons,  both  LC  and  tuberomamillary  neurons  are 
autonomous  pacemakers  that  depend  upon  L-type  Ca2+ 
channels  [84-86].  In  contrast,  DA  neurons  in  the  ventral 
tegmental  area  do  not  rely  upon  L-type  Ca2+  channels  for 
pacemaking  and  are  relatively  intact  in  PD  patients  and  in 
animal  models  of  PD  [9,40,81,87,88].  DA  neurons  in  the 
olfactory  bulb  also  are  autonomous  pacemakers  and  rely 
upon  Ca2+  channels  (although  not  L-type  channels)  [88]. 
Olfactory  deficits  have  been  associated  with  PD  [89] ;  how¬ 
ever,  there  is  no  obvious  loss  of  olfactory  bulb  DA  neurons 
[90] .  Although  this  would  seem  to  run  counter  to  the  Ca2+ 
hypothesis,  this  could  simply  be  a  consequence  of  the 
capacity  of  this  region  for  adult  neurogenesis  [91]. 

Can  PD  be  prevented? 

If  PD  is  a  consequence  of  Ca2+-accelerated  aging  in  SNc  DA 
neurons  (and  in  those  neurons  with  a  similar  phenotype) 
then  reducing  Ca2+  flux  should  delay  the  onset  of  PD 
symptoms  and  slow  its  progression.  This  might  be  possible 
with  orally  deliverable,  dihydropyridine  (DHP)  L-type 
channel  antagonists  shown  to  be  safe  in  humans  [40]. 
Adult  SNc  DA  neurons  readily  compensate  for  the 
antagonism  of  L-type  Cav1.3  Ca2+  channels  and  continue 
pacemaking  at  a  normal  rate.  More  importantly,  although 
the  impact  on  mitochondrial  and  ER  stress  can  only  be 


inferred  at  this  point,  reducing  Ca2+  influx  during  pace¬ 
making  dramatically  diminishes  the  sensitivity  of  SNc  DA 
neurons  to  toxins  used  to  generate  animal  models  of  PD 
[40].  Furthermore,  at  neuroprotective  doses  of  an  L-type 
channel  antagonist,  mice  have  no  obvious  motor,  learning 
or  cognitive  deficits,  indicating  that  the  patterned  activity 
of  SNc  DA  neurons  is  functionally  unchanged  [36,92]. 

Is  there  evidence  that  this  strategy  might  work  in 
humans  to  prevent  or  slow  PD?  Calcium  channel 
antagonists  (CCAs),  including  the  DHPs  used  in  animal 
studies,  are  commonly  used  in  clinical  practice,  creating  a 
potential  database  to  be  mined.  A  recent  case-control  study 
of  hypertensive  patients  found  a  significant  reduction  in 
the  observed  risk  of  PD  with  CCA  use,  but  not  with 
medications  that  reduce  blood  pressure  in  other  ways 

[93]  .  This  finding  is  consistent  with  a  retrospective  exam¬ 
ination  of  patients  treated  for  hypertension  with  DHPs 

[94] .  Given  that  many  of  the  CCAs  currently  in  use  for 
hypertension  are  weak  antagonists  of  Cav1.3  Ca2+  chan¬ 
nels  or  have  low  lipophilicity  and  are  unlikely  to  cross  the 
blood-brain  barrier  effectively  [95-97],  the  apparent  neu¬ 
roprotective  effect  of  CCAs  as  a  group  indicates  that  those 
drugs  overcoming  these  obstacles  might  be  very  potent 
neuroprotective  agents. 

That  said,  these  studies  are  not  a  substitute  for  a 
controlled  clinical  trial.  In  the  absence  of  a  selective 
Cav1.3  Ca2+  channel  antagonist,  DHPs  are  the  most  attrac¬ 
tive  drug  for  such  a  trial.  DHPs  are  more  selective  modu¬ 
lators  of  L-type  channels  than  other  CCAs  approved  for 
human  use  and  many  have  good  brain  bioavailability  [95]. 
However,  most  members  of  this  drug  class,  including 
nimodipine  (Nimotop)  and  nifedipine  (Procardia,  Adalat), 
are  more  potent  negative  modulators  of  Cav1.2  than  Cav1.3 
channels  [98].  This  is  also  true  of  isradipine  (DynaCirc), 
but  less  so  [99,100].  At  the  doses  used  to  treat  hyperten¬ 
sion,  isradipine  has  relatively  minor  side  effects  [101].  The 
question  is  whether  it  will  prove  neuroprotective  at  doses 
tolerated  by  the  general  population.  Pharmacokinetic  stu¬ 
dies  by  our  group  have  found  that  serum  concentrations  of 
isradipine  achieved  in  mice  that  are  protected  (~2  ng/ml) 
against  1  -methyl-4-phenyl- 1 ,2 ,3 ,6-tetrahydropyridine  and 
6-hydroxydopamine  toxicity  are  very  close  to  those 
achieved  in  humans  with  a  very  well  tolerated  daily  dose 
(10  mg/day,  isradipine),  indicating  that  neuroprotection  is 
achievable. 

It  is  also  worth  considering  how  CCAs  compare  with 
other  drugs  that  are  being  tested  in  clinical  neuroprotec¬ 
tion  trials  for  PD.  Although  early  trials  with  creatine, 
coenzyme  Q10  and  other  antioxidant  supplements  have 
been  disappointing  [102],  they  share  the  hypothesis  that 
oxidative  stress  exacerbates  the  symptoms  and  pro¬ 
gression  of  PD.  Coenzyme  Q10  is  an  electron  acceptor 
for  complexes  I  and  II  that  seems  to  be  compromised  in 
PD  patients  [103]  and  is  neuroprotective  in  animal  models 
of  PD  [104] .  Creatine  is  a  substrate  for  ATP  production  that 
can  both  improve  mitochondrial  efficiency  and  reduce  oxi¬ 
dative  stress  by  buffering  fluctuations  in  cellular  energy 
production  [105],  Both  approaches  are  aimed  at  improving 
mitochondrial  function  rather  than  attacking  the  source  of 
stress  on  mitochondria.  This  contrasts  with  the  rationale 
for  CCAs,  in  which  the  goal  is  to  reduce  the  source  of  stress 
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responsible  for  mitochondrial  and  ER  dysfunction.  Never¬ 
theless,  the  two  approaches  could  prove  complementary, 
pointing  to  a  combination  therapy. 

Conclusions 

Ca2+  dyshomeostasis  has  long  been  thought  to  be  import¬ 
ant  in  neurodegeneration,  but  it  usually  is  envisioned  as  a 
late  stage  consequence  of  organelle  damage  inflicted  by 
some  other  challenge.  The  unusual  reliance  of  SNc  DA 
neurons  on  voltage-dependent  L-type  Ca2+  channels  in 
autonomous  pacemaking  indicates  that  Ca2+  entry  and 
dyshomeostasis  could  be  a  cause  of  their  selective  vulner¬ 
ability  rather  than  simply  a  late  stage  consequence.  This 
hypothesis  is  consistent  with  the  centrality  of  the  ER  and 
mitochondria  (which  are  key  organelles  in  Ca2+  homeosta¬ 
sis)  in  prevailing  models  of  pathogenesis  in  PD.  The 
additional  stress  placed  upon  these  organelles  by  the 
demands  associated  with  sustained  Ca2+  entry  could  accel¬ 
erate  their  aging  and  enhance  the  vulnerability  of  SNc  DA 
neurons  to  genetic  and  environmental  challenges. 
Although  plausible  and  consistent  with  regional  deficits 
seen  in  normal  aging  and  PD,  the  proposition  that  Ca2+ 
entry  during  pacemaking  compromises  mitochondrial  and 
ER  function  remains  to  be  fully  tested.  The  tools  necessary 
to  conduct  this  test  are  now  becoming  available.  Never¬ 
theless,  given  the  plausibility  of  the  link  between  Ca2+  and 
the  loss  of  SNc  DA  neurons,  the  absence  of  any  proven 
neuroprotective  therapy  in  PD  and  the  availability  of  Ca2+ 
channel  antagonists  that  are  well  tolerated  and  approved 
for  human  use,  it  would  seem  that  the  human  experiment 
should  proceed  now  in  the  form  of  clinical  neuroprotection 
trials. 
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Dopaminergic  neurons  of  the  substantia  nigra  pars  compacta  are  autonomous  pacemakers.  This  activity  is  responsible  for  the  sustained 
release  of  dopamine  necessary  for  the  proper  functioning  of  target  structures,  such  as  the  striatum.  Somatodendritic  L-type  Ca2+ 
channels  have  long  been  viewed  as  important,  if  not  necessary,  for  this  activity.  The  studies  reported  here  challenge  this  viewpoint.  Using 
a  combination  of  optical  and  electrophysiological  approaches  in  brain  slices,  it  was  found  that  antagonism  of  L-type  Ca2+  channel 
effectively  stopped  dendritic  Ca2+  oscillations  but  left  autonomous  pacemaking  unchanged.  Moreover,  damping  intracellular  Ca2+ 
oscillations  with  exogenous  buffer  had  little  effect  on  pacemaking  rate.  Although  not  necessary  for  pacemaking,  L-type  channels  helped 
support  pacemaking  when  challenged  with  cationic  channel  blockers.  Simulations  suggested  that  the  insensitivity  to  antagonism  of 
L-type  channels  reflected  the  multichannel  nature  of  the  pacemaking  process.  The  robustness  of  pacemaking  underscores  its  biological 
importance  and  provides  a  framework  for  understanding  how  therapeutics  targeting  L-type  Ca 2  +  channels  might  protect  dopaminergic 
neurons  in  Parkinson’s  disease  without  compromising  their  function. 


Introduction 

Dopamine  (DA)-releasing  neurons  of  the  substantia  nigra  pars 
compacta  (SNc)  are  critical  to  a  broad  array  of  psychomotor 
functions,  including  action  selection  and  reward-based  learning 
(Schultz,  2007;  Yin  et  al.,  2008;  Cohen  and  Frank,  2009).  A  key 
feature  of  these  neurons  is  their  steady,  autonomous  pacemaking. 
This  self-generated  activity  maintains  extracellular  DA  levels  and 
the  DA  receptor  signaling  necessary  for  normal  network  opera¬ 
tion  in  basal  ganglia  structures,  such  as  the  striatum  (Albin  et  al., 
1989;  Gonon  and  Bloch,  1998).  Although  synaptic  signals  are 
capable  of  altering  ongoing  spike  activity  in  vivo  (Grace  and  Bunney, 
1984;  Tepper  et  al.,  1998),  the  rate  and  regularity  of  the  autono¬ 
mous  activity  is  remarkably  robust  in  the  face  of  a  variety  of 
pharmacological  and  molecular  perturbations  (Paladini  et  al., 
2003;  Chan  et  al.,  2007). 

The  mechanisms  underlying  autonomous  pacemaking  have 
been  the  subject  of  investigation  for  more  than  a  decade.  At 
present,  the  dominant  view  is  that,  in  adult  SNc  dopaminergic 
neurons,  pacemaking  is  dependent  on  Ca2+  channels  that  open 
at  relatively  hyperpolarized  membrane  potentials  (Nedergaard  et 
al.,  1993;  Mercuri  et  al.,  1994;  Amini  et  al.,  1999;  Wilson  and 
Callaway,  2000;  Puopolo  et  al.,  2007).  Based  on  the  ability  of 
dihydropyridines  (DHPs)  to  slow  or  stop  pacemaking,  this  chan¬ 
nel  has  been  assumed  to  be  of  the  Cavl  or  L-type  (Nedergaard  et 
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al.,  1993;  Mercuri  et  al.,  1994;  Chan  et  al.,  2007;  Puopolo  et  al., 
2007).  However,  the  DHP  concentrations  necessary  to  achieve 
significant  slowing  or  silencing  in  these  acute  physiological  ex¬ 
periments  are  typically  several  orders  of  magnitude  greater  than 
those  predicted  by  binding  studies  to  be  required  for  near  com¬ 
plete  channel  antagonism  (Koschak  et  al.,  2001;  Sinnegger- 
Brauns  et  al.,  2009).  In  principle,  there  are  several  factors  that 
might  contribute  to  this  mismatch.  For  example,  the  affinity  of 
DHPs  for  L-type  channels  is  state  dependent,  being  approxi¬ 
mately  a  thousand-fold  lower  at  negative  membrane  potentials 
(Bean,  1984).  Another  major  limitation  is  the  difficulty  in  achiev¬ 
ing  binding  equilibrium  in  brain  slices.  Lipophilic  DHPs  not  only 
must  diffuse  tens  of  micrometers  into  the  slice,  they  must  parti¬ 
tion  into  the  membrane  and  diffuse  to  a  binding  site  buried  in  the 
lipid  bilayer  (Lipkind  and  Fozzard,  2003).  This  makes  equilib¬ 
rium  slow  to  achieve,  taking  as  much  as  an  hour  (Herbette  et  al., 
1989).  Because  electrophysiological  recordings  are  typically  sta¬ 
ble  for  a  much  shorter  period  of  time,  high  DHP  concentrations 
have  been  used  to  achieve  measurable  levels  of  channel  antago¬ 
nism  rapidly.  This  approach  has  a  number  of  caveats,  not  the  least 
of  which  is  that,  because  DHPs  have  very  high  membrane  parti¬ 
tion  coefficients  (Herbette  et  al.,  1989),  their  concentration  can 
reach  levels  that  begin  to  have  nonspecific  effects  on  other  ion 
channels,  complicating  the  interpretation  of  effects  on  complex 
phenomena,  such  as  pacemaking. 

Determining  the  role  of  L-type  Ca2+  channels  in  pacemaking 
is  not  only  of  theoretical  importance  but  of  clinical  importance  as 
well.  Ca2+  ions  entering  SNc  DA  neurons  through  L-type  Ca2+ 
channels  during  pacemaking  elevates  cellular  vulnerability  to 
toxins  used  to  create  animal  models  of  Parkinson’s  disease  (PD) 
(Chan  et  al.,  2007).  The  potential  linkage  of  these  channels  to  PD 
has  been  strengthened  by  epidemiological  studies  showing  a  de¬ 
creased  disease  risk  in  humans  treated  for  hypertension  with 
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DHPs  (Becker  et  al.,  2008).  However,  if  L-type  channels  are  crit¬ 
ical  to  pacemaking,  this  therapeutic  benefit  must  come  at  a  func¬ 
tional  cost,  such  as  a  drop  in  pacemaking  rate  and  DA  in  target 
structures.  Using  optical  and  electrophysiological  approaches  to 
assay  acute  L-type  channel  antagonism,  we  show  that,  although 
these  channels  contribute  to  the  robustness  of  pacemaking,  they 
are  not  necessary. 

Materials  and  Methods 

Electrophysiological  recordings.  Acute  midbrain  coronal  slices  (220  pm 
thick)  were  obtained  from  wild-type  male  C57BL/6  mice  (Charles  River) 
between  postnatal  ages  21  and  32  d,  unless  specified  otherwise.  The  han¬ 
dling  of  mice  and  all  procedures  performed  on  them  were  approved  by 
the  institutional  Animal  Care  and  Use  Committee  and  were  in  accor¬ 
dance  with  the  National  Institutes  of  Health  Guide  to  the  Care  and  Use  of 
Laboratory  Animals  and  Society  for  Neuroscience  guidelines.  Mice  were 
anesthetized  with  a  ketamine/xylazine  mixture,  followed  by  a  transcar- 
dial  perfusion  with  ice-cold,  oxygenated  artificial  CSF  (ACSF)  containing 
the  following  (in  mM):  125  NaCl,  2.5  KC1, 25  NaHC03, 1.25  NaH2P04,  2 
CaCl2, 1  MgCl,,  and  25  dextrose,  pH  7.3  (osmolality  315-320  mOsm/L). 
After  perfusion,  mice  were  decapitated  and  brains  were  removed  rapidly, 
followed  by  sectioning  in  ice-cold  oxygenated  ACSF  using  a  vibratome 
(VT1000S;  Leica  Microsystems).  Midbrain  slices  recovered  in  ACSF  at 
34°C  for  30  min  before  electrophysiological  recordings.  Slices  were 
transferred  to  a  small-volume  (<0.5  ml)  recording  chamber  that  was 
mounted  on  a  fixed-stage,  upright  microscope  (BX51;  Olympus  America) 
equipped  with  infrared  differential  interference  contrast  [0.9  numerical 
aperture  (NA)]  with  de  Senarmont  compensation  (Olympus).  Experi¬ 
ments  were  performed  at  33-34°C,  unless  specified  otherwise.  The  re¬ 
cording  chamber  was  superfused  with  carbogen-saturated  ACSF  with  a 
flow  rate  of  2-3  ml/min  running  through  an  in-line  heater  (SH-27B  with 
TC-324B  controller;  Warner  Instruments).  Neuronal  somata  and  prox¬ 
imal  dendrites  were  visualized  by  video  microscopy  at  high  magnifica¬ 
tion  (60X,  0.9  NA  water-immersion  objective;  Olympus).  Cell-attached 
and  whole-cell  patch-clamp  recordings  were  performed  in  DA  neurons 
from  the  mid-to-ventral  tier  of  the  SNc.  Recording  patch  electrodes  (re¬ 
sistance  of  3-4  Mfl)  were  prepared  with  a  Sutter  Instruments  horizontal 
puller  using  borosilicate  glass  with  filament.  For  all  voltage-  and  current- 
clamp  recordings,  patch  electrodes  were  filled  with  internal  solution  con¬ 
taining  the  following  (in  mM):  135  K-MeS04,  5  KC1,  5  HEPES,  0.05 
EGTA,  10  phosphocreatine-di(tris),  2  ATP-Mg,  and  0.5  GTP-Na,  the  pH 
adjusted  to  7.3  (osmolality  adjusted  to  290-300  mOsm/L).  The  liquid 
junction  potential  in  our  recording  ACSF  was  7  mV  and  not  corrected 
for.  Conventional  tight-seal  (>3  Gil)  whole-cell  patch-clamp  and  cell- 
attached  recordings  were  made  on  visually  identified  neurons  based  on 
(1)  size  and  somatodendritic  morphology,  (2)  regular  spiking  between  1 
and  4  Hz,  (3)  presence  of  a  voltage  sag  during  delivery  of  a  hyperpolar- 
izing  pulse  (— 250  pA  current  injection),  and  (4)  the  presence  oftheHCN 
current  recorded  in  voltage  clamp  (data  not  shown).  For  Na+  current 
recordings,  voltage  control  and  space  clamp  was  improved  by  lowering  the 
external  concentration  of  Na+  to  20  mM  and  adding  50  pM  Cd2+  to  the 
perfusate;  patch  electrodes  were  filled  with  a  cesium-based  internal  contain¬ 
ing  the  following  (in  mM):  120  Cs-MeS03i  15  CsCl,  8  NaCl,  10  HEPES,  0.2 
EGTA,  3  ATP-Mg,  0.3  GTP-Na,  and  10  tetraethylammonium-Cl,  pH  7.3 
(osmolality  280  mOsm/L).  Tetrodotoxin  (TTX)-sensitive  sodium  currents 
were  recorded  in  voltage  clamp  with  ramps  from  —70  to  — 40mV  for  500  ms 
(ramp  speed  of  0.06  mV/ms) ,  and  peak  currents  were  measured.  Signals  were 
filtered  at  1-4  kHz  and  digitized  at  5-20  kHz  with  a  Digidata  1322A  (Mo¬ 
lecular  Devices).  For  current-clamp  recordings,  the  amplifier  bridge  circuit 
was  adjusted  to  compensate  for  electrode  resistance  and  monitored.  Elec¬ 
trode  capacitance  was  also  compensated.  If  series  resistance  increased  >20% 
during  recording,  the  data  were  discarded. 

Two-photon  laser  scanning  microscopy.  For  dendritic  Ca2+  measure¬ 
ments,  SNc  DA  neurons  in  tissue  slices  (as  described  above)  were  loaded 
with  Alexa  Fluor  594  (50  pM)  and  Fluo-4  (200  pM)  through  the  patch 
pipette.  All  experiments  were  performed  at  32-34°C.  Images  were  ac¬ 
quired  with  a  60X/0.9  NA  water-immersion  lens.  Dyes  were  allowed  to 
equilibrate  for  at  least  15  min  before  imaging.  The  two-photon  excitation 


source  was  a  Chameleon-ultra2  tunable  laser  system  (680  to  1080  nm) 
using  titaniurmsapphire  gain  medium  with  all-solid-state  active  compo¬ 
nents  and  a  computer-optimized  algorithm  to  ensure  reproducible  exci¬ 
tation  wavelength,  average  power,  and  peak  power  (Coherent  Laser 
Group).  Optical  signals  were  acquired  using  810  nm  excitation  beam 
(80-MHz  pulse  repetition  frequency  and  —250  fs  pulse  duration)  to 
simultaneously  excite  Alexa  and  Fluor-4  dyes.  Laser  power  attenuation 
was  achieved  with  two  Pockel  cell  electro-optic  modulators  (models  350- 
80;  Con  Optics).  The  two  cells  are  aligned  in  series  to  provide  enhanced 
modulation  range  for  fine  control  of  the  excitation  dose  (0.1%  steps  over 
four  decades).  The  laser-scanned  images  were  acquired  with  a  Bio-Rad 
Radiance  MPD  system.  The  fluorescence  emission  was  collected  by  ex¬ 
ternal  or  non-descanned  photomultiplier  tubes  (PMTs).  The  green  flu¬ 
orescence  (500-550  nm)  was  detected  by  a  bialkali-cathode  PMT,  and 
the  red  fluorescence  (580-640  nm)  was  collected  by  a  multi-alkali- 
cathode  (S-20)  PMT.  The  system  digitizes  the  current  from  detected 
photons  to  12  bits.  The  laser  light  transmitted  through  the  sample  was 
collected  by  the  condenser  lens  and  sent  to  another  PMT  to  provide  a 
bright-field  transmission  image  in  registration  with  the  fluorescent  im¬ 
ages.  Measurements  were  taken  in  a  sample  plane  along  dendritic  seg¬ 
ments  ( 100-150  mm  from  the  soma).  Line  scan  signals  were  acquired  (as 
described  above)  at  6  ms  per  line  and  512  pixels  per  line  with  0.18  /am 
pixels  and  10  ps  pixel  dwell  time.  The  time  between  the  control  and 
isradipine  treatment  measurements  was  5-7  min. 

Statistical  analysis.  Electrophysiological  data  collected  were  analyzed 
using  ClampFit  10.1  (Molecular  Devices),  Igor  Pro  6.0  (Wavemetrics),  or 
Matlab  (MathWorks).  The  stimulation,  display,  and  analysis  software  for 
the  two-photon  imaging  data  was  analyzed  using  a  custom-written 
shareware  package,  WinFluor,  PicViewer,  and  PowerCAL  kindly  pro¬ 
vided  by  John  Dempster  (Strathclyde  University,  Glasgow,  UK).  Data 
were  summarized  either  using  box  plots  for  small  sample  sizes  or  with 
parametric  statistics  (mean  ±  SE)  for  larger  samples.  Statistical  analysis 
was  done  with  SigmaStat  3.5  (Systat  Software)  using  nonparametric  test¬ 
ing  Mann-Whitney  rank  sum  test  for  comparing  between  two  groups  or 
Kruskal-Wallis  ANOVA  with  Dunnett’s  post  hoc  for  multiple  group 
comparison.  Before-after  statistical  analyses  were  performed  using  the 
Wilcoxon’s  signed  rank  test.  Probability  threshold  for  statistical  signifi¬ 
cance  was  p  <  0.05. 

Pharmacological  reagents  and  channel  ligands.  Reagents  were  purchased 
from  Sigma,  except  K-MeS04  (MP  Biomedicals),  GTP-Na  (Roche 
Diagnostics),  isradipine,  ZD  7288  (4-ethylphenylamino- l,2-dimethyl-6- 
methylaminopyrimidinium  chloride)  (Tocris  Bioscience),  tetrodotoxin 
and  a-dendro toxin  (Alomone  Labs),  and  BAPTA  tetrasodium  salt, 
Alexa594,  Fura-2,  and  Fluo-4  (Invitrogen).  Drugs  stocks  solutions  were 
prepared  in  deionized  water,  DMSO,  or  methanol;  on  the  day  of  experi¬ 
ment,  stocks  were  diluted  to  final  concentrations  in  ACSF  to  achieve  a 
final  solvent  concentration  of  <0.01%  v/v. 

Modeling.  Simulations  were  performed  with  NEURON,  version  5.9 
(Hines  and  Carnevale,  2001).  The  model  neuron  was  constructed  of  a 
cylindrical  soma  (lateral,  1 5  /am;  dorsal,  15  pm)  with  axial  resistivity  of 
70  fl/cm  and  membrane  capacitance  of  1  /aF/cm2;  the  temperature  was 
35°C,  and  all  conductances  had  Q10  values  of  3-4.  The  density  of  the 
simulated  channels  (siemens  per  square  centimeter)  inserted  into  the 
membrane  were  as  follows:  Navl  (3.5e-2),  KV1  (3e-5),  K^.2  (2.5e-3), 
(8.5e-5),  Kv4slow  (2e-5),  K,7  (7e-7),  BK  (le-3),  SK  (le-5),  HCN 
(1.25e-4),  CaH-3  (5e-5),  Ca^  (le-5),  and  leak  (3.5e-6);£na  =  50mV,£k  = 
—  90  mV,  and  £ieak/HCN  =  —  20  mV.  Kinetics  and  voltage  dependence  of 
channel  gating  were  adjusted  to  fit  experimentally  derived  values  in  ei¬ 
ther  SNc  DA  neurons  or  other  basal  ganglia  neurons  (Mercer  et  al.,  2007) ; 
densities  were  adjusted  to  fit  experimental  results  and  to  achieve  pace¬ 
making  in  a  normal  range.  Mod  files  for  Ca2+  diffusion,  buffering,  and 
pumping  were  adapted  to  fit  the  kinetics  observed  experimentally  using 
Fluo-4.  All  of  the  NEURON  mod  files  used  in  simulation  will  be  posted 
on  the  NeuronDB  website  (http://senselab.med.yale.edu/neurondb)  or  are 
available  on  request. 

Simulations  of  the  modulated  DHP  receptor  were  performed  with 
Matlab  using  the  framework  proposed  by  Bean  (1984).  The  channel  was 
assumed  to  have  two  affinity  states:  a  high-affinity  state  at  depolarized 
(inactivated)  membrane  potentials  and  a  low-affinity  state  at  hyperpo- 
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Figure  1.  Low  concentrations  of  DHPs  suppress  dendritic  Ca2+  oscillations  but  do  not  slow  pacemaking,  a,  Digitized 
cell-attached  patch  recordings  from  an  SNc  DA  neuron  before  and  after  application  of  isradipine  (5  /um).  The  median 
discharge  rate  before  isradipine  application  was  2. 2  and  2.4  Hz  after  ( p  >  0.05;  n  =  10).  6,  Whole-cell  recording  from  the 
cell  shown  to  the  left  (projection  image)  before  and  after  isradipine  (5  p, m)  application;  there  was  no  significant  change  in 
discharge  rate  in  this  cell  or  in  10  others.  At  the  bottom,  two-photon  laser  scanning  microscopy  measurements  of  Fluo-4 
fluorescence  (G)  at  a  proximal  dendritic  location  (—40  /urn  from  the  soma)  normalized  by  the  fluorescence  of  the  red  Alexa 
dye  used  to  image  the  cell,  c,  Somatic  recording  during  imaging  at  a  more  distal  dendritic  location  (—120-200  /am  from 
the  soma).  Note  the  complete  elimination  of  the  spike-associated  dendritic  Ca 2+  transient  at  the  distal  imaging  site. 
Similar  results  were  obtained  in  six  other  neurons,  d,  All  points  histogram  of  fluorescence  at  the  distal  location  of  the  cell 
in  c  showing  that  the  median  fluorescence  was  reduced  by  isradipine.  Similar  results  were  obtained  in  six  cells.  AU, 
Arbitrary  units,  e,  Summary  showing  that,  in  whole-cell  recordings  in  which  imaging  was  done,  isradipine  did  not  change 
the  discharge  rate  ( p  >  0.05;  n  =  10).  f,  Spectral  analysis  of  the  fluorescence  signal  readily  detected  oscillations  at  the 
pacemaking  frequency;  power  at  this  frequency  was  eliminated  by  isradipine.  Similar  results  were  obtained  in  six  cells. 


larized  (resting)  membrane  potentials.  The  dissociation  constant  for 
high-affinity  state  was  assumed  to  be  equal  to  that  found  in  equilibrium 
binding  studies,  whereas  the  dissociation  constant  for  low-affmity  state 
was  assumed  to  be  a  thousand-fold  higher  (Bean,  1984).  The  macro¬ 
scopic  balance  between  these  states  was  assumed  to  be  governed  by 
voltage-dependent  inactivation  of  the  channel  (Bean,  1984);  the  relation¬ 


ship  between  steady-state  inactivation  and 
voltage  for  Cav1.3  channels  was  taken  from  the 
work  of  Koschak  et  al.  (2001). 

Results 

Selective  antagonism  of  L-type 
Ca2+  channels  does  not  slow  or  stop 
pacemaking 

To  speed  drug  delivery  to  cells  buried 
(30-75  pm  below  the  surface)  in  a  slice,  5 
pM  isradipine  was  applied,  a  concentra¬ 
tions  25-50  times  that  calculated  to 
achieve  near  complete  blockade  of  Ca,1.3 
channels  at  the  depolarized  membrane 
potentials  traversed  by  SNc  DA  neurons 
(Bean,  1984).  In  cell-attached  patch  re¬ 
cordings  (to  minimize  rundown),  appli¬ 
cation  of  5  pM  isradipine  for  10  min  failed 
to  slow  pacemaking  (Fig.  1  a,b).  This  was 
not  because  isradipine  had  not  antago¬ 
nized  L-type  Ca2+  channels.  The  antago¬ 
nism  could  be  clearly  seen  in  whole-cell 
recordings  of  SNc  DA  neurons  in  which 
oscillations  in  dendritic  Ca2+  concentra¬ 
tion  were  monitored  using  the  Ca2+  dye 
Fluo-4  (200  pM).  In  proximal  dendrites 
(less  than  ~70  pm  from  the  soma),  isra¬ 
dipine  clearly  reduced  the  oscillations  in 
Ca2+  concentration  (Fig.  lb).  In  the  more 
distal  ( >80  pm  from  the  soma)  dendrites, 
5  p m  isradipine  at  this  time  point  elimi¬ 
nated  any  detectable  oscillation  in  Ca2+ 
concentration  and  lowered  modal  fluo¬ 
rescence  (Fig.  1  c,d).  Again,  at  the  time 
point  at  which  these  measurements  were 
made,  there  was  no  change  in  spike  rate 
(Fig.  le).  Spectral  analysis  of  the  fluores¬ 
cence  signal  in  these  distal  dendrites 
consistently  failed  to  detect  power  at  the 
pacemaking  frequency  (Fig.  If). 

Another  observation  that  has  been 
taken  as  evidence  of  the  centrality  of 
L-type  channels  in  pacemaking  is  that,  af¬ 
ter  block  of  voltage-dependent  Na  +  chan¬ 
nels  with  TTX,  the  membrane  potential 
continues  to  oscillate  at  near  the  pace¬ 
making  frequency  (Yung  et  al.,  1991; 
Nedergaard  et  al.,  1993).  These  slow  oscil¬ 
latory  potentials  (SOPs)  are  widely  held  to 
drive  pacemaking  and  trigger  Na  +  spikes. 
However,  like  the  oscillations  in  dendritic 
Ca2+  concentration,  the  SOPs  were  elim¬ 
inated  by  application  of  low  micromolar 
concentrations  of  isradipine  (Fig.  2a), 
concentrations  that  did  not  change  pace¬ 
making  rate  when  Na  +  channels  were  left 
unblocked  (Fig.  la).  To  better  test  the  in¬ 
ferences  drawn  above,  slices  were  incu¬ 
bated  in  200  nM  isradipine  for  60  min  and  then  patched.  If  the 
rate-limiting  step  in  DHP  antagonism  is  diffusion  within  the  lipid 
bilayer,  then  at  this  time  point  the  number  of  bound  channels 
should  be  within  10%  of  the  equilibrium  value  (Herbette  et  al., 
1989);  assuming  a  modal  membrane  potential  of  —60  mV  (a 
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conservative  estimate),  >90%  of  the 
Ca^l.3  channels  should  be  antagonized  at 
this  point.  As  predicted  from  the  work 
with  exposure  to  higher  isradipine  concen¬ 
trations,  there  was  no  detectable  change  in 
pacemaking  rate  or  regularity  of  SNc  DA 
neurons  sampled  with  cell-attached  re¬ 
cordings  from  slices  treated  in  this  way 
(Fig.  2b, d).  However,  invariably,  these 
cells  lacked  TTX-insensitive  SOPs  (Fig. 
2c),  arguing  that  Ca^l.3  Ca2+  channels 
were  effectively  antagonized.  Spectral  anal¬ 
ysis  of  the  membrane  potential  in  these  cells 
occasionally  detected  some  residual  power 
near  the  pacemaking  rate  with  exposure  to 
200  nM  isradipine  but  never  with  higher 
concentrations  (Fig.  2e). 

The  SOPs  seen  in  the  presence  of  TTX 
reflect  the  interplay  between  dendritic 
L-type  Ca2+  channels  and  small  conduc¬ 
tance,  Ca2+-activated  K+  (SK)  channels 
(Ping  and  Shepard,  1996;  Wilson  and  Cal¬ 
laway,  2000).  If  this  interplay  was  neces¬ 
sary  for  pacemaking,  then  disrupting  the 
efficient  activation  of  SK  channels  by  che¬ 
lating  intracellular  Ca2+  should  suppress 
pacemaking.  However,  whole-cell  dialysis 
with  BAPTA  (5  mM)  did  not  disrupt  pace¬ 
making  but  rather  led  to  a  slow  accelera¬ 
tion  of  pacemaking  (Fig.  3 a),  despite  its 
elimination  of  the  SOP  seen  in  the  pres¬ 
ence  of  TTX  (Fig.  2b)  and  its  predicted 
effect  on  the  trajectory  of  the  spike  after¬ 
hyperpolarization  (Fig.  3c).  Finally,  the 
temporal  properties  of  the  SOPs,  which 
clearly  depend  on  L-type  channels,  were 
not  consistent  with  a  causal  role  in  pace¬ 
making.  First,  the  frequency  of  spiking 
during  pacemaking  was  not  strongly  cor¬ 
related  with  the  SOP  frequency  in  the 
same  cell  after  TTX  application  (Fig.  3d). 
Second,  the  coefficient  of  variation  in  in¬ 
terval  duration  during  spiking  was  an  or¬ 
der  of  magnitude  smaller  than  that  of  the 
SOP  (median  CV  spiking,  1.9e-4;  median 
CV  oscillation,  3.2e-2;  n  =  9;  p  <  0.05), 
and  examination  of  successive  intervals 
consistently  showed  random  scatter  in  the 
SOP  interval,  even  when  the  interspike  in¬ 
terval  in  the  same  cell  was  very  regular 
(Fig.  3e). 

The  insensitivity  of  pacemaking  to 
DHPs  seen  in  our  work  differs  from  that 
seen  in  younger,  acutely  isolated  SNc  DA 
neurons  from  mice  (Puopolo  et  al.,  2007). 
One  possible  explanation  is  that  the  work 
with  acutely  isolated  neurons  was  per¬ 
formed  at  room  temperature,  some  10°C 
cooler  than  the  experiments  described 
here.  To  test  this  hypothesis,  SNc  DA 
neurons  in  slices  were  recorded  at  23- 
25°C.  At  this  temperature,  pacemaking 
rate  in  cell-attached  recordings  was  ap- 


3  +TTX 


+TTX+  isradipine  (5  pM) 


0.5  s 


+TTX  +  isradipine  (200  nM) 


4  mV 
1  s 


whole-cell  recording 

d 

4~n 

i - 1 - 1 - r 

4  3  2  1 

Spike  rate  (Hz) 


o 


b  +  isradipine  (200  nM  @  60  minutes) 


10  pA 


cell-attached  recording  2  s 


e 


Figure  2.  Submicromolar  levels  of  DHPs  are  sufficient  to  block  SOPs  without  compromising  pacemaking  activity,  a,  Represen¬ 
tative  SOP  traces  (after  blockade  of  sodium  channels  with  1  /lcm  TTX)  in  the  presence  or  absence  of  isradipine  (5  /cm).  Micromolar 
concentrations  of  isradipine  (5  pit)  blocked  the  TTX-insensitive  SOPs  (n  =  1 0  cells).  6,  Submicromolar  concentrations  of  DHPs  (200 
nM  isradipine)  had  no  effect  in  pacemaking  firing  rate  ( p  >  0.05;  n  =  5  cells),  c,  Representative  current-clamp  trace  showing  no 
SOPs  of  a  DA  neuron  pretreated  with  200  nM  isradipine  for  1  h  (n  =  5  cells),  d,  Summary  box  plots  showing  that  200  nM  isradipine 
had  no  effect  in  spike  rate,  e,  Spectral  analysis  of  the  fluorescence  showing  a  significant  reduction  in  the  power  of  the  frequency 
detected  in  control,  highly  reduced  power  in  the  presence  of  200  nM  isradipine  and  complete  elimination  of  frequency  by  5  /um 
isradipine. 


5  minutes  later  b 


Figure  3.  SOPs  are  absent  after  chelation  of  intracellular  calcium,  a,  Recording  from  an  SNc  DA  neuron  with  an  electrode 
containing  5  mM  BAPTA.  Before  break-in,  the  pacemaking  rate  could  be  seen;  after  break-in,  the  rate  slowly  increased  and 
the  afterhyperpolarization  became  less  pronounced,  as  shown  in  d.  Similar  results  were  obtained  in  six  cells,  b,  Application 
of  TTX  demonstrated  the  absence  of  SOPs  in  the  presence  of  BAPTA.  ( n  =  4).  c,  Voltage  traces  from  b  early  (black  trace)  and 
later  (red  trace)  in  the  dialysis  with  BAPTA  showing  the  change  in  the  afterhyperpolarization,  d,  The  discharge  rate  before 
application  of  TTX  is  plotted  against  the  frequency  of  SOP  oscillation.  Note  the  scatter  around  the  line  with  a  slope  of  1  (n  = 
19).  e,  Plots  of  successive  spike  intervals  or  successive  SOP  intervals  (measured  from  the  point  at  which  the  voltage  reached 
the  median  voltage  of  the  oscillation).  A  sample  of  nine  cells  is  plotted.  Note  the  tight  clustering  of  the  spike  data  and  the 
dispersion  of  the  SOP  data. 
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Figure  4.  Dendritic  Ca 2+  oscillations  are  phase  locked  to  somatic  spiking,  a,  Projection  image  of  an  SNc  DA  neuron  recorded  from  with  a  somatic  patch  electrode  containing  Alexa  594  (50  /lcm) 
and  the  Ca 2+  dye  Fluo-4  (200  fut).  To  the  right  are  somatic  voltage  recordings  during  pacemaking.  At  the  bottom  are  averages  of  the  fluorescence  changes  (G/R)  at  two  dendritic  locations  shown 
by  blue  (proximal)  and  red  (distal)  dots.  The  averages  were  computed  by  aligning  segments  of  the  fluorescence  records  of  10  successive  spikes;  because  the  timing  of  the  next  spike  varied,  the  timing 
of  the  fluorescence  change  after  the  initial  spike  in  the  average  is  only  approximate  and  was  used  to  gauge  the  phase  relationship  of  the  Ca 2+  oscillation,  b,  A  simulation  using  a  single  compartment 
model  showing  the  relationship  between  the  voltage  (black  trace)  and  the  rise  in  intracellular  Ca 2+  concentration  (red)  before  and  after  block  of  Na +  channels;  note  the  similarity  between  these 
records  and  the  data  in  a  where  Ca 2+  concentration  rises  just  before  the  spike  and  peaks  after  the  spike,  falling  during  the  afterhyperpolarization,  c,  Recording  from  an  SNc  DA  neuron  in  which 
ectopic  spikes  were  introduced  by  brief  (2  ms)  current  pulses;  the  green  bar  shows  the  timing  of  the  ectopic  spikes,  rf,  Histogram  of  the  intervals  during  normal  pacemaking  (black  filled)  and  the 
intervals  after  an  ectopic  spike  (green  filled)  showing  that  it  generated  an  interval  typical  of  normal  pacemaking,  regardless  of  its  phase  relationship  to  the  ongoing  spiking.  Similar  behavior  was  seen 
in  all  four  cells  examined  in  this  way.  e,  At  the  top,  somatic  voltage  records  from  one  of  these  experiments  showing  the  ectopic  spike;  at  the  bottom,  fluorescence  records  (G/R)  at  the  same  locations 
shown  in  a,  but  now  aligned  with  the  ectopic  spike.  Note  that,  at  the  proximal  location,  the  ectopic  spike  evoked  a  Ca 2+  transient  but  not  at  the  distal  location;  nevertheless,  the  oscillation  in  the 
Ca 2+  fluorescence  was  reset  to  coincide  with  the  next  spike  in  the  series. 


proximately  half  that  seen  near  body  temperature,  in  agreement 
with  previous  work  (Guatteo  et  al.,  2005).  However,  application 
of  isradipine  (5  /am)  for  10  -1 5  min  failed  to  significantly  slow  the 
discharge  rate  at  25°C  (control  median,  0.67  Hz;  plus  isradipine, 
0.78  Hz;  n  =  4;  p  >  0.05)  (supplemental  Fig.  SI,  available  at 
www.jneurosci.org  as  supplemental  material).  Again,  this  was 
not  because  isradipine  had  failed  to  antagonize  L-type  channels, 
because  the  SOPs  were  absent  when  the  membrane  patch  was 
disrupted  to  monitor  transmembrane  voltage  (supplemental  Fig. 
SI,  available  at  www.jneurosci.org  as  supplemental  material). 
One  interpretation  of  these  results  is  that  the  dendrites  or  axon 
initial  segment  (ATS),  which  are  sheared  off  during  acute  isola¬ 


tion,  contribute  to  pacemaking,  rendering  it  sensitive  to  antago¬ 
nism  of  L-type  Ca2+  channels.  Underscoring  the  importance  of 
these  regions  to  the  pacemaking  process,  SNc  DA  neurons  in 
tissue  slices  also  were  insensitive  to  TRP  channel  antagonists  2-APB 
(20  p,M;  n  =  4;p  >  0.05)  and  SKF  96365  [l-2-(4-methoxyphenyl)- 
2-[3-(4-methoxyphenyl)propoxy]ethyl-lH-imidazole]  (20  jlim; 
n  =  4;  p  >  0.05),  in  contrast  to  the  situation  reported  in  acutely 
isolated  DA  neurons  (Kim  et  al.,  2007). 

Somatic  and  dendritic  compartments  are  electrically  coupled 

The  prevailing  Ca2+  channel-dependent  model  of  pacemaking 
hypothesizes  that  dendritic  and  somatic  Ca2H  oscillations  are 
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Figure  5.  Simulations  of  pacemaking  behavior  and  sensitivity  to  channel  antagonism,  a,  Voltage  measurements  from  a  single 
compartment  simulation  of  an  SNc  DA  neuron  before  and  after  removal  of  Na  +  channels,  showing  SOP-like  behavior,  and  then 
after  the  additional  removal  of  Cav1.3  Ca2+  channels,  showing  cessation  of  the  SOP.  Restoring  the  channels  led  to  restoration  of 
pacemaking.  Inset  is  intracellular  Ca 2+  concentrations  in  the  model  before  and  after  removal  of  Na +  channels.  Timing  of  the 
changes  is  shown  in  the  bars  at  the  top.  b,  Voltage  measurements  of  a  simulation  in  which  there  was  successive  removal  of  first 
Cav1 .3  and  then  combined  removal  of  HCN  and  Cav1 .3  channels.  Note  that  pacemaking  stopped  only  with  the  removal  of  both 
channels,  c,  Digitized  cell-attached  patch  recordings  before  and  after  application  of  ZD  7288  (10  /am)  showing  no  significant 
change  in  discharge  rate  (see  summary  in  d).  At  the  bottom,  digitized  cell-attached  patch  recordings  before  and  after  application 
of  ZD  7288  (10  /am)  and  isradipine  (5  jllm)  showing  silencing  of  the  cell,  t/.  Summary  of  experiments  as  in  c.  The  fall  in  discharge 
rates  with  coapplication  of  ZD  7288  (10  /am)  and  isradipine  (5  /am)  or  with  application  of  high  concentrations  of  ZD  7288  (100  /am) 
alone  was  significant  (**p<  0.01).  Sample  sizes  were  control  (n  =  6),  isradipine  (5  /am;«  =  7),  low  ZD  7288  (10  /am;  n  =  8),  low 
isradipine  plus  low  ZD  7288  (n  =  5),  and  high  ZD  7288  (100  /am;  n  =  4). 


coupled,  synchronizing  the  somatoden¬ 
dritic  membrane  potential  and  driving 
spike  generation  (Wilson  and  Callaway, 

2000).  A  key  feature  of  the  coupled  oscil¬ 
lator  model  is  strong  electrical  coupling 
between  somatic  and  dendritic  compart¬ 
ments,  leading  to  synchronization  of  the 
membrane  potential.  This  means  that  os¬ 
cillations  in  Ca2+  concentration  should 
be  phase  locked  in  dendritic  and  somatic 
compartments.  To  test  these  two  aspects 
of  the  model,  line  scans  assessing  changes 
in  Ca2+  concentration  were  performed  at 
both  proximal  and  distal  dendritic  regions 
of  SNc  DA  neurons  during  pacemaking; 
averages  of  the  Ca2+-induced  fluores¬ 
cence  just  before  and  after  the  spike  were 
then  calculated.  In  agreement  with  this  as¬ 
pect  of  the  model,  the  proximal  and  distal 
dendritic  Ca2+  signals  were  tightly  phase 
locked  in  all  neurons  examined  (n  =  4), 
rising  with  the  depolarization  that  pre¬ 
ceded  the  spike  and  peaking  just  after  the 
spike  (Fig.  4 a).  Computer  simulations 
with  a  single  compartment  model  of  an 
SNc  DA  neuron  containing  low- threshold 
Ca^l.3  Ca2+  channels  yielded  a  very  sim¬ 
ilar  relationship  between  intracellular 
Ca2+  concentration  and  membrane  po¬ 
tential  (Fig.  4b),  arguing  that  the  slow  de¬ 
polarization  preceding  the  spike  was 
driving  Ca2+  channel  opening  through¬ 
out  the  dendritic  tree. 

Although  the  dendritic  tree  might  be 
electrotonically  compact  for  slowly  chang¬ 
ing  signals,  like  those  in  the  interspike  pe¬ 
riod,  there  should  be  greater  attenuation  of 
more  rapidly  changing  voltages  unless 
there  are  active  processes  involved  (Holmes  and  Rail,  1992).  Pre¬ 
vious  work  has  shown  that  spikes  originate  in  the  AIS  of  SNc  DA 
neurons  and  that,  in  the  absence  of  pacemaking,  these  action 
potentials  are  actively  propagated  into  distal  dendritic  regions 
(Hausser  et  al.,  1995).  However,  action  potential  propagation  is 
strongly  influenced  by  even  small  changes  in  membrane  potential 
(Gentet  and  Williams,  2007),  making  it  uncertain  whether  there 
is  back-propagation  during  pacemaking.  If  conducted  into  the 
dendrites,  these  spikes  should  reset  dendritic  oscillations  that  rely 
on  voltage-dependent  Ca2+  channels.  To  test  this  possibility,  ec¬ 
topic  spikes  were  generated  in  the  somatic  region  by  a  brief  cur¬ 
rent  pulse  and  the  effects  on  somatic  and  dendritic  oscillations 
monitored  (Fig.  4c).  In  all  of  the  neurons  studied  (n  =  4),  ectopic 
spikes  occurring  in  the  first  half  of  the  pacemaking  cycle  phase 
delayed  the  next  spike,  suggesting  that  the  pacemaking  mecha¬ 
nism  had  been  reset  (Fig.  4 d).  In  some  cells  (like  the  one  illus¬ 
trated  in  Fig.  4),  the  spike  only  propagated  into  the  proximal 
dendritic  regions  as  judged  by  the  change  in  Ca2+-dependent 
fluorescence  (Fig.  4e),  suggesting  that  resetting  the  somatic  com¬ 
ponent  of  the  pacemaker  was  sufficient  to  reset  the  entire  pace¬ 
making  process.  These  results  are  consistent  with  strong 
somatodendritic  coupling  posited  in  previous  models  but  argue 
that  the  Na  +  channel-dependent  spike  itself  is  a  key  part  of  the 
pacemaking  mechanism,  not  simply  an  epiphenomenon  riding 
on  top  of  the  SOP,  and  that  this  proximally  generated  event  de¬ 


termines  pacemaking  rate.  This  conclusion  is  consistent  with  the 
work  presented  above,  showing  that  pacemaking  continues  unal¬ 
tered  in  frequency  or  regularity  in  the  absence  of  dendritic  Ca2+ 
oscillations  and  the  SOP. 

A  computational  model  accounts  for  the  insensitivity 
to  DHPs 

In  an  attempt  to  gain  a  better  conceptual  foothold  on  the  mech¬ 
anisms  controlling  pacemaking,  a  computational  model  was  cre¬ 
ated  using  NEURON.  The  model  consisted  of  a  single  “somatic” 
compartment;  biophysically  accurate  models  of  channels  thought 
to  govern  pacemaking  were  incorporated  at  densities  resem¬ 
bling  those  seen  experimentally  (see  Materials  and  Methods). 
The  model  generated  regular,  autonomous  spiking  at  1-2  Hz 
(Fig.  5a).  As  observed  experimentally  (Puopolo  et  al.,  2007),  the 
Ca^l.3  Ca2+  current  was  significantly  larger  than  the  Na^l  Na  + 
current  in  the  interspike  interval  (supplemental  Fig.  S2,  available 
at  www.jneurosci.org  as  supplemental  material);  however,  both 
currents  were  significantly  smaller  than  those  generated  by  “leak” 
channels,  as  in  previous  simulations  (Amini  et  al.,  1999).  Re¬ 
ducing  the  Navl  channel  density  to  zero  prevented  spiking  but 
did  not  stop  subthreshold  oscillations,  but  subsequent  block 
of  Cav1.3  channels  did,  stabilizing  the  membrane  potential 
near  —40  mV. 

Having  verified  that  the  basic  behavior  of  the  model  resem¬ 
bled  that  seen  experimentally,  the  interaction  between  Cav1.3 
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channels  and  other  cationic  channels  in  regulating  pacemaking 
was  explored.  Eliminating  Ca^l.3  channels  had  little  effect  on 
pacemaking  rate,  despite  clear  effects  on  the  voltage  trajectory 
(Fig.  5b).  Similarly,  completely  eliminating  HCN  channels  had 
little  effect  on  pacemaking  rate.  In  both  cases,  the  loss  of  inward 
current  was  compensated  for  by  alterations  in  other  conduc¬ 
tances  (supplemental  Fig.  S2,  available  at  www.jneurosci.org  as 
supplemental  material).  The  combined  removal  of  HCN  and 
Ca^l.3  channels,  however,  stopped  spiking  (Fig.  5b). 

These  results  suggest  that  pacemaking  is  a  robust,  cooperative 
process,  capable  of  withstanding  perturbations  in  the  availability 
of  any  one  channel.  To  test  this  idea,  recordings  were  made  from 
SNc  DA  neurons,  and  combinations  of  channels  were  antago¬ 
nized  pharmacologically.  Selective  block  of  HCN  channels  with 
saturating  concentrations  of  ZD  7288  (10  /am)  had  little  or  no 
effect  on  pacemaking  rate  (Fig.  5c, d).  However,  as  predicted  by 
the  simulations,  blocking  HCN  channels  rendered  pacemaking 
sensitive  to  antagonism  of  L-type  Ca2+  channels,  because  appli¬ 
cation  of  isradipine  (5  /am)  in  the  presence  of  ZD  7288  (10  /am) 
silenced  every  SNc  DA  neuron  tested  [n  =  5)  (Fig.  5c, d).  It  is 
worth  noting  that  higher  concentrations  of  ZD  7288  (50-100 
/am)  antagonized  non-HCN  channels  (Zolles  et  al.,  2006)  and 
stopped  pacemaking  on  their  own  (Fig.  5 d). 

High  concentrations  of  DHPs  stop  pacemaking  by  affecting 
other  channel  types 

Why  do  high  concentrations  of  DHPs,  like  isradipine,  reliably 
slow  or  stop  pacemaking  in  SNc  DA  neurons  (Nedergaard  et  al, 
1993;  Mercuri  et  al,  1994;  Ping  and  Shepard,  1996;  Chan  et  al., 
2007)?  The  work  presented  thus  far  argues  that  significant  slow¬ 
ing  or  silencing  is  not  attributable  to  antagonism  of  Cav1.3  Ca2H 
channels  and  must  be  attributable  to  reductions  in  other  inward 
currents  that  help  support  pacemaking.  There  are  three  potential 
targets:  Navl  Na  +,  HCN,  and  cation  leak  channels.  Point-clamp 
experiments  using  slow,  depolarizing  voltage  ramps  revealed  that 
20  /am  isradipine  modestly  but  consistently  reduced  peak  Na  + 
currents  in  SNc  DA  neurons  (median  reduction,  27%;  n  =  4;  p  < 
0.05).  In  contrast,  isradipine  did  not  reduce  the  amplitude  of  the 
voltage  sag  produced  by  hyperpolarizing  current  steps  (median 
reduction,  0.04%;  n  =  6;p  >  0.05).  However,  input  conductance 
measured  by  small  hyperpolarizing  steps  from  —60  mV  was  sig¬ 
nificantly  reduced  by  isradipine,  suggesting  that  cationic  leak 
channels  were  being  partially  blocked  (median  reduction,  31%; 
n  =  9;  p  <  0.05).  Reducing  Na+  and  leak  channel  density  to¬ 
gether  by  20%  consistently  silenced  pacemaking  in  the  model, 
making  this  explanation  plausible  (Fig.  6a). 

With  sustained  application  of  silencing  concentrations  of  is¬ 
radipine,  pacemaking  restarts  after  several  hours  (Chan  et  al., 
2007).  It  could  be  restarted  immediately  by  application  of  KV1 
channel  antagonists  (Fig.  6b, c),  suggesting  that  the  delayed  re¬ 
starting  seen  previously  depends  on  functional  downregulation 
of  these  channels.  The  model  captured  this  recovery,  because  the 
silencing  produced  by  partial  block  of  Na  +  and  leak  channels  was 
reversed  by  block  of  KV1  channels  (Fig.  6a).  More  importantly, 
this  result  reinforces  the  proposition  that  pacemaking  reflects  the 
interaction  of  a  network  of  ion  channels  that  is  capable  of  with¬ 
standing  perturbations  in  individual  components. 

Discussion 

Our  principal  conclusion  is  that,  although  L-type  Ca2+  channels 
contribute  to  the  oscillatory  behavior  of  SNc  DA  neurons,  they 
are  not  necessary  for  autonomous  pacemaking  (Nedergaard  et 
al.,  1993;  Mercuri  et  al.,  1994;  Wilson  and  Callaway,  2000; 
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Figure  6.  Pacemaking  in  DA  neurons  silenced  with  high  DHP  is  restored  by  blocking  KV1 
channels,  a,  NEURON  simulation  model  of  pacemaking  firing  previous  and  after  blockade  of 
Cav1 .3, 20%  reduction  in  sodium  current,  and  20%  reduction  in  leak  currents.  Combined  partial 
blockade  of  these  inward  currents  silenced  pacemaking  as  in  the  experimental  conditions  de¬ 
scribed  below  (6,  c).  Spiking  activity  was  restored  on  blockade  of  KV1  channels,  b,  Cell-attached 
patch  recording  from  an  SNc  DA  neuron  that  had  been  silenced  by  isradipine  (20  /am)  and  then 
restarted  by  bath  application  of  a-dendrotoxin  (DTX;  1 00  nM).  c,  Summary  of  similar  experi¬ 
ments  showing  discharge  rates  in  control  ( n  =  8),  isradipine  exposed  (n  =  6),  and  then  cells 
exposed  to  either  a-dendrotoxin  (100  nM;  n  =  6)  or  4-aminopyridine  (100  /am;  n  =  6);  the 
change  in  discharge  rate  after  exposure  to  either  toxin  was  significant  ( **p  <  0.01)  when 
compared  with  the  isradipine-induced  silenced  state. 

Puopolo  et  al.,  2007).  Our  work  shows  that  there  is  an  interactive 
network  of  ion  channels  in  SNc  DA  neurons  that  is  capable  of 
sustaining  pacemaking  even  when  parts  of  it,  like  L-type  Ca2+ 
channels,  are  antagonized.  This  finding  adds  another  dimension 
to  an  array  of  other  observations  showing  that  the  rate  of  auton¬ 
omous  spiking  in  SNc  DA  neurons  is  insensitive  to  a  variety  of 
extrinsic  and  intrinsic  perturbations  (Paladini  et  al.,  2003;  Chan 
et  al.,  2007),  a  testament  to  the  importance  of  pacemaking  in  the 
maintenance  of  DA  in  target  structures  involved  in  movement, 
learning,  and  cognition. 

Pacemaking  in  SNc  DA  neurons  is  robust 

The  view  that  somatodendritic  L-type  Ca2+  channels  contribute 
to  pacemaking  in  SNc  DA  neurons  has  a  long  history.  Initially,  it 
was  found  that,  in  the  presence  of  the  Na  +  channel  blocker  TTX,  the 
membrane  potential  of  SNc  DA  neurons  continued  to  oscillate  at 
near  the  pacemaking  frequency  (Yung  et  al.,  1991;  Nedergaard  et  al., 
1993).  This  SOP  was  sensitive  to  blockade  of  Ca2+  channels  and, 
more  importantly,  to  DHPs  that  antagonize  L-type  Ca2+  chan¬ 
nels  (Nedergaard  et  al.,  1993;  Mercuri  et  al.,  1994).  The  hyperpo¬ 
larizing  phase  of  this  oscillation  is  brought  about  by  activation  of 
Ca 2 + -activated  SK  K+  channels  (Ping  and  Shepard,  1996).  The 
ability  of  DHPs  to  suppress  the  SOPs  has  been  repeated  by  several 
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groups  (Nedergaard  et  al.,  1993;  Chan  et  al.,  2007).  It  was  natural 
to  infer  from  the  temporal  similarity  of  the  oscillatory  potential 
and  pacemaking  that  the  two  processes  were  causally  linked.  This 
inference  was  supported  by  the  ability  of  DHPs  to  slow  or  stop  the 
regular  spiking  of  SNc  DA  neurons  (Nedergaard  et  al.,  1993; 
Mercuri  et  al.,  1994).  However,  in  previous  experiments,  silenc¬ 
ing  typically  required  DHP  concentrations  in  the  low  micromolar 
range,  several  orders  of  magnitude  above  the  KD  of  DHPs  for  the 
Ca^l.3  L-type  Ca2+  channels  that  drive  the  SOP. 

Our  work  argues  that  the  ability  of  DHPs  at  these  high  con¬ 
centrations  to  slow  or  stop  pacemaking  has  little  to  do  with 
L-type  Ca2+  channels.  There  are  five  key  pieces  of  experimental 
evidence  on  this  point.  First,  Ca2+  imaging  studies  showed  that 
intracellular  fluctuations  in  Ca2+  concentration  attributable  to 
opening  of  L-type  Ca2+  channels  were  significantly  attenuated  or 
eliminated  by  application  of  the  DHP  isradipine  at  concentra¬ 
tions  that  did  not  alter  pacemaking  rate.  Second,  concentrations 
of  isradipine  that  blocked  SOPs  did  not  alter  pacemaking  rate. 
Third,  SOPs  were  less  regular  and  often  slower  than  pacemaking. 
Fourth,  chelation  of  intracellular  Ca  2  +  did  not  stop  or  slow  pace¬ 
making  but  rather  accelerated  it.  Last,  the  ability  of  an  ectopic 
somatic  spike  to  reset  the  Ca2+  oscillation  throughout  the  den¬ 
dritic  tree,  even  when  there  was  no  evidence  that  the  spike  in¬ 
vaded  the  distal  dendrites,  argues  that  Na  + -dependent  spikes 
originating  in  the  AIS  (Hausser  et  al.,  1995)  pace  the  somatoden¬ 
dritic  oscillations,  determining  their  rate  and  regularity,  not  the 
other  way  around. 

Simulations  that  incorporated  realistic  descriptions  of  the  ion 
channels  known  to  participate  in  pacemaking  provided  an  expla¬ 
nation  for  much  of  the  experimental  data.  Not  only  did  the  model 
generate  autonomous  spiking  of  the  right  rate  and  regularity,  it 
also  produced  SOPs  when  Na+  channels  were  blocked  that 
strongly  resembled  those  seen  experimentally.  The  model  also 
sustained  pacemaking  in  the  absence  of  L-type  Ca2+  channels, 
showing  how  the  compensatory  changes  in  other  conductances 
served  to  maintain  the  discharge  rate.  Thus,  the  channels  ex¬ 
pressed  by  SNc  DA  neurons  form  an  interactive  network  that  is 
capable  of  maintaining  pacemaking  in  the  face  of  perturbations 
in  the  channel  availability.  This  level  of  robustness  should  pro¬ 
vide  a  means  of  withstanding  fluctuations  in  channel  availability 
as  a  consequence  of  neuromodulatory  challenge  or  synaptically 
driven  activity. 

That  said,  the  robustness  of  the  model  and  real  SNc  DA  neu¬ 
rons  was  limited.  Combined  antagonism  of  Cav1.3  and  HCN 
channels  stopped  pacemaking,  although  antagonism  of  either 
alone  had  little  or  no  effect,  just  as  observed  experimentally.  The 
sensitivity  of  SNc  DA  neurons  to  the  combined  disruption  of  a 
mixed  population  of  ion  channels  helps  explain  the  effects  of  high 
DHP  concentrations  on  pacemaking.  At  DHP  concentrations 
that  consistently  induced  silencing,  isradipine  reduced  not  only 
L-type  Ca2  +  channel  currents  but  Na  +  channel  currents  and  leak 
channel  currents  as  well.  Simulations  showed  how  this  combined 
antagonism  could  account  for  cessation  of  pacemaking.  This  also 
means  that  experimental  interventions  that  compromise  the 
pacemaking  mechanism  could  lead  to  a  spurious  elevation  in  the 
sensitivity  to  DHPs.  Our  assessment  of  DHP  sensitivity  relied 
primarily  on  cell-attached  patch  recordings  that  did  not  alter  the 
intracellular  environment  the  way  whole-cell  or  sharp  electrode 
recordings  can.  In  cell-attached  patch  recordings,  there  was  not  a 
graded  slowing  of  pacemaking  with  increasing  DHP  concentra¬ 
tion;  rather,  at  a  well  defined  time  point  after  bath  application, 
cells  continued  at  a  normal  rate,  became  irregular,  or  stopped 
entirely  (as  also  described  by  Nedergaard  et  al.,  1993).  In  our 


hands,  this  transition  occurred  at  DHP  concentrations  at  which 
other  channels  besides  L-type  Ca2+  channels  were  being  blocked. 
This  was  also  true  in  our  simulations.  As  a  consequence,  the 
slowing  of  pacemaking  at  lower  DHP  concentrations  described 
by  Mercuri  et  al.  (1994)  or  anecdotally  by  Nedergaard  et  al. 
(1993)  in  brain  slices  can  only  be  explained  (within  our  frame¬ 
work)  by  positing  that  either  (1)  their  sharp  electrode  recordings 
disrupted  the  capacity  of  these  collateral  ionic  mechanisms  to 
compensate  for  the  loss  of  L-type  channels  or  (2)  because  of  lipid 
phase  partitioning  [DHP  partition  coefficients  >1000  (Herbette 
et  al.,  1989)]  and  extended  drug  exposure,  DHP  concentration  in 
the  membrane  had  risen  to  levels  at  which  non-L-type  channels 
were  being  affected,  despite  the  fact  that  bath  concentrations 
were  below  10  /am.  The  difficulty  of  this  pharmacokinetic  prob¬ 
lem  was  one  of  the  primary  motivations  for  our  use  of  Ca2+ 
imaging  to  monitor  fluctuations  in  dendritic  Ca2+  concentration 
during  drug  application,  giving  us  a  much  more  direct  way  of 
monitoring  effective  membrane  concentrations  of  bath-applied 
DHPs.  Although  potentially  an  issue  in  brain  slices,  pharmacoki¬ 
netics  is  not  a  major  concern  with  acutely  isolated  neurons,  but 
there  are  other  issues.  In  their  biophysical  study,  Puopolo  et  al. 
(2007)  reported  that  low  micromolar,  selective  concentrations  of 
nimodipine  had  variable  effects  on  pacemaking  of  acutely  iso¬ 
lated  DA  neurons  recorded  with  whole-cell  methods,  sometimes 
slowing  or  stopping  pacemaking,  sometimes  having  no  effect. 
This  variability  is  most  readily  attributed  to  the  one  variable  that 
is  poorly  controlled  with  this  approach,  the  degree  to  which  den¬ 
dritic  and  axonal  arbors  are  truncated.  Although  not  necessary, 
these  are  regions  that  very  likely  contribute  in  a  material  way  to 
the  robustness  of  pacemaking  (Tepper  et  al.,  1987;  Grace  and 
Onn,  1989;  Hausser  et  al.,  1995;  Amini  et  al.,  1999;  Wilson  and 
Callaway,  2000). 

What  does  this  mean  for  a  potential  neuroprotective  therapy 
in  PD? 

The  robustness  of  pacemaking  in  SNc  DA  neurons  has  implica¬ 
tions  for  neuroprotective  therapies.  Ca2+  entry  through  L-type 
Ca2+  channels  renders  SNc  DA  neurons  vulnerable  to  a  range  of 
toxins  used  to  create  animal  models  of  PD  (Chan  et  al.,  2007). 
Moreover,  DHP  use  in  humans  is  associated  with  a  decreased 
incidence  of  PD  (Becker  et  al.,  2008).  Isradipine  is  now  being 
tested  in  clinical  trials  for  its  ability  to  modify  PD  progression.  At 
the  doses  to  be  used  in  this  study,  isradipine  achieves  stable  serum 
concentrations  of  ~2  ng/ml,  which  is  close  to  the  serum  con¬ 
centration  that  is  neuroprotective  in  animal  models  of  PD 
(our  unpublished  observations).  If  we  assume  that  brain  and 
serum  concentrations  are  similar  (Kupsch  et  al.,  1996),  isradipine 
should  be  ~5  nM  in  the  extracellular  space  bathing  SNc  DA  neu¬ 
rons,  which  should  antagonize  between  70  and  80%  of  their 
Ca^l.3  Ca2+  channels,  assuming  a  modal  membrane  potential  of 
—  50  mV  (Bean,  1984;  Sinnegger-Brauns  et  al.,  2009).  Our  results 
show  that  the  neuroprotection  afforded  by  this  antagonism 
should  not  come  at  the  cost  of  a  reduction  in  basal  pacemaking 
rate  in  SNc  DA  neurons. 
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Parkinson’s  disease  (PD)  is  a  pervasive,  aging-related  neurodegenerative  disease  whose  cardinal  motor 
symptoms  reflect  the  loss  of  a  small  group  of  neurons  -  dopaminergic  neurons  in  the  substantia  nigra  pars 
compacta  (SNc)  1 .  Mitochondrial  oxidant  stress  is  widely  viewed  as  responsible  for  this  loss  2,  but  why 
these  particular  neurons  should  be  stressed  is  a  mystery.  Using  transgenic  mice  that  expressed  a  redox- 
sensitive  variant  of  green  fluorescent  protein  targeted  to  the  mitochondrial  matrix,  it  was  discovered  that 
the  unusual  engagement  of  plasma  membrane  L-type  calcium  channels  during  normal  autonomous 
pacemaking  created  an  oxidant  stress  that  was  specific  to  vulnerable  SNc  dopaminergic  neurons.  This 
stress  engaged  defenses  that  induced  transient,  mild  mitochrondrial  depolarization  or  uncoupling.  The 
mild  uncoupling  was  not  affected  by  deletion  of  cyclophilin  D,  a  component  of  the  permeability  transition 
pore,  but  was  attenuated  by  genipin,  an  antagonist  of  cloned  uncoupling  proteins.  Knocking  out  DJ-1,  a 
gene  associated  with  an  early  onset  form  of  PD,  compromised  calcium-induced  uncoupling  and  increased 
oxidation  of  matrix  proteins  specifically  in  SNc  dopaminergic  neurons.  Because  calcium  entry  through  L- 
type  channels  is  not  essential  for  the  normal  function  of  SNc  dopaminergic  neurons  and  can  be  effectively 
antagonized  with  drugs  approved  for  human  use,  these  results  point  to  a  novel  neuroprotective  strategy  for 
both  idiopathic  and  familial  forms  of  PD. 


The  selective  vulnerability  of  SNc  dopaminergic  neurons  in  PD  has  been  the  subject  of 
speculation  for  decades.  Dopamine  itself  has  long  been  suspected  to  be  a  culprit,  as  its  oxidation 
leads  to  the  generation  of  reactive  hydroxyquinones  capable  of  damaging  proteins  and 
dexoxyribonucleic  acid  (DNA) 3.  However,  the  recognition  that  boosting  intracellular  dopamine 
levels  with  levodopa  does  not  accelerate  disease  progression  4  and  that  cell  loss  in  PD  is  not 
strictly  limited  to  neurons  synthesizing  dopamine  5  has  motivated  a  search  for  alternative 
mechanisms. 

Recently,  it  has  been  shown  that  calcium  entry  through  voltage-dependent  L-type  channels 
during  autonomous  pacemaking  rendered  SNc  dopaminergic  neurons  more  vulnerable  to 
mitochondrial  toxins  used  to  create  animal  models  of  PD  6.  Unlike  the  situation  in  most  neurons 
where  calcium  entry  is  limited  to  the  brief  period  during  a  spike,  calcium  entry  in  SNc 
dopaminergic  neurons  occurs  throughout  the  pacemaking  cycle  7  and  leads  to  sustained 
oscillations  in  cytosolic  calcium  concentration,  contrasting  them  with  neighboring  dopaminergic 
neurons  in  the  ventral  tegmental  area  (VTA)  that  are  much  less  affected  in  PD  (Fig.  la,b).  This 
influx  is  not  necessary  for  pacemaking,  as  treatment  with  channel-specific  concentrations  of  the 
dihydropyridine  L-type  channel  antagonist  isradipine  eliminate  cytosolic  calcium  oscillations, 
but  leave  pacemaking  intact 8  (Fig.  la). 

Because  cytosolic  calcium  must  be  extruded  or  sequestered  by  adenosine  triphosphate 
(ATP) -dependent  processes,  its  entry  during  pacemaking  creates  a  metabolic  burden  for 
dopaminergic  neurons.  This  demand  for  ATP  is  met  primarily  by  mitochondria  through 
oxidative  phosphorylation  (OXPHOS).  Increasing  OXPHOS  inevitably  comes  at  the  cost  of 
increasing  the  generation  of  superoxide  and  other  reactive  oxygen  species  (ROS) 9.  However, 
given  the  metabolic  defenses  against  superoxide,  whether  this  burden  creates  a  measurable 
oxidant  stress  in  SNc  neurons  in  situ  is  an  open  question.  To  provide  an  answer,  transgenic  mice 
expressing  a  redox-sensitive  variant  of  green  fluorescent  protein  (roGFP)  with  a  mitochondrial 
matrix  targeting  sequence  (mito-roGFP)  were  generated  10,n.  To  limit  expression  to 
monoaminergic  neurons,  mito-roGFP  was  expressed  under  control  of  the  tyrosine  hydroxylase 
promoter  (Fig.  lc).  Dopaminergic  neurons  in  the  SNc  and  the  adjacent  VTA  from  these  mice 


robustly  expressed  mito-roGFP  that  co-localized  with  mitochondrial  markers  (Fig.  lc-e), 
providing  a  reversible,  quantitative  means  of  monitoring  oxidation  of  mitochondrial  matrix 
proteins  in  living  brain  slices  using  two  photon  laser  scanning  microscopy  (2PLSM).  In  VTA 
dopaminergic  neurons,  where  pacemaking  is  not  accompanied  by  large  oscillations  in 
intracellular  calcium  concentration,  the  basal  oxidation  of  mito-roGFP  was  very  low  (Fig.  If).  In 
contrast,  the  oxidation  of  mito-roGFP  was  significantly  higher  in  SNc  dopaminergic  neurons 
(Fig.  If, g).  Antagonizing  L-type  channels  with  isradipine  dramatically  lowered  the  extent  of  mito- 
roGFP  oxidation  (Fig.lg,h),  as  did  slowing  pacemaking  and  calcium  entry  by  lowering  the 
temperature  of  the  slice  (Fig.  lh) 6.  Blocking  calcium  entry  into  mitochondria  with  Ru360,  an 
antagonist  of  the  calcium  uniporter  12,  also  significantly  diminished  mitochondrial  oxidation 
(Fig.  lh).  As  Ru360  had  no  effect  on  pacemaking  or  cytosolic  calcium  oscillations  (data  not 
shown),  this  finding  suggests  that  calcium  helps  to  stimulate  OXPHOS  by  entering  mitochondria 
and  up-regulating  the  activity  of  enzymes  in  the  citric  acid  cycle  that  generate  reducing 
equivalents  for  the  electron  transport  chain  B.  Thus,  calcium  entry  during  pacemaking 
significantly  elevated  mitochondrial  oxidation  selectively  in  SNc  dopaminergic  neurons. 

One  of  the  proteins  that  participates  in  the  mitochondrial  defense  against  oxidant  stress  is 
DJ-1.  Loss-of-function  mutations  in  DJ-1  are  linked  to  an  autosomal  recessive,  early  onset  form 
of  PD  14.  Although  DJ-1  is  not  an  anti-oxidant  enzyme  itself,  it  is  redox-sensitive  and  appears  to 
participate  in  signaling  cascades  made  active  by  mitochondrial  superoxide  generation  15.  Through 
an  unknown  mechanism,  DJ-1 -dependent  signaling  decreases  oxidation  of  isolated  mitochondria 
and  increases  the  resistance  to  electron  transport  chain  toxins.  To  test  whether  the  loss  of 
functional  DJ-1  would  affect  the  mitochondrial  oxidative  state  of  active  SNc  dopaminergic 
neurons  in  situ,  DJ-1  knockout  mice  were  crossed  with  the  TH-mito-roGFP  mice,  their  brains 
sliced  and  examined  using  2PLSM.  SNc  dopaminergic  neurons  in  these  slices  had  normal 
pacemaking  and  associated  oscillations  in  intracellular  calcium  concentration  (Fig.  2a).  Despite 
this  similarity,  the  oxidation  of  mito-roGFP  was  significantly  higher  in  neurons  lacking  DJ-1 
than  in  those  with  it.  Basal  mito-roGFP  oxidation  was  nearly  complete  at  physiological 
temperatures  in  these  experiments,  so  cells  were  re-examined  at  room  temperature.  These  studies 


confirmed  the  robust  difference  in  oxidation  between  wild-type  and  DJ-1  knockout  neurons  seen 
at  higher  temperature  (Fig.  2b, c).  Moreover,  the  impact  of  deleting  DJ-1  on  mitochondrial 
oxidant  stress  was  virtually  abolished  by  antagonism  of  plasma  membrane  L-type  calcium 
channels  (Fig.  2b, c).  In  contrast,  the  mitochondria  in  neighboring  VTA  dopaminergic  neurons, 
which  do  not  have  the  same  oscillations  in  cytosolic  calcium,  were  unaffected  by  D J- 1  deletion 
(Fig.  2d).  These  findings  suggest  that  DJ-1  is  engaged  in  the  response  to  mitochondrial 
superoxide  production  and  oxidant  stress  arising  from  calcium  entry  during  pacemaking. 

A  clue  about  the  role  played  by  DJ-1  in  attenuating  oxidant  stress  came  from  measurements 
of  the  inner  mitochondrial  membrane  (IMM)  potential  with  the  cationic  dye  tetramethyl 
rhodamine  methylester  (TMRM)  (Fig.  3a;  Supplemental  movie)  13.  In  VTA  dopaminergic 
neurons,  TMRM  fluorescence  was  robust  and  stable  for  long  periods  (Fig.  3b).  In  contrast, 
mitochondrial  TMRM  fluorescence  in  neighboring  SNc  dopaminergic  neurons  repeatedly  fell 
and  then  rose  back  to  peak  values,  indicating  that  mitochondria  were  transiently  depolarizing 
(Fig.  3b;  Supplementary  movie).  This  ‘flickering’  was  stable  for  long  periods  (>60  minutes), 
arguing  that  it  was  not  a  consequence  of  an  acute  stress.  To  calibrate  the  TMRM  signal, 
fluorescence  was  monitored  after  application  of  the  ATP  synthase  inhibitor  oligomycin  to  fully 
polarize  mitochondria.  These  studies  indicated  that  there  was  little  or  no  quenching  at  the 
TMRM  concentrations  used  in  these  assays;  moreover,  they  excluded  a  role  for  ATP  synthase  in 
the  origins  of  the  flickering.  To  estimate  the  relative  change  in  mitochondrial  potential  during 
the  flickering,  a  Nernst  equation  relating  IMM  potential  to  the  ratio  of  mitochondrial  to  nuclear 
TMRM  fluorescence  was  used  16.  This  analysis  indicated  that  the  flickering  in  mitochondrial 
potential  was  only  about  15-20%  of  the  maximum  potential,  corresponding  to  a  mild  IMM 
depolarization  of  20-30  mV. 

Antagonizing  plasma  membrane  L-type  calcium  channels  with  isradipine  dramatically 
reduced  the  rate  of  flickering  (Fig.  3c;  Supplemental  movie),  as  did  blocking  calcium  entry  into 
the  mitochondria  with  Ru360  (Fig.  3c).  However,  flickering  was  also  attenuated  by  scavenging 
ROS  with  the  cell-permeable  antioxidant  N-(2-mercaptopropionyl)-glycine  (MPG)  (Fig.  3d), 
implicating  oxidant  stress  created  by  calcium  entry,  rather  than  calcium  per  se,  was  responsible 


for  the  mitochondrial  flickering.  Superoxide  generation  is  known  to  trigger  the  opening  of  two 
types  of  ion  channel  that  depolarize  the  IMM.  One  of  these  is  the  permeability  transition  pore 
(PTP)  17 .  However,  TMRM  flickering  in  SNc  dopaminergic  neurons  lacking  cyclophilin  D  -  a  key 
modulator  of  the  PTP  18  -  was  intact  (Fig.  3e),  arguing  against  a  role  for  the  PTP.  Cyclosporin  A, 
an  immunosuppressant  that  is  known  to  antagonize  the  PTP  19,  decreased  IMM  flickering,  but  it 
also  slowed  or  stopped  pacemaking  (and  calcium  influx),  making  it  an  unreliable  diagnostic  tool 
(data  not  shown).  The  uncoupling  proteins  (UCPs)  are  another  class  of  mitochondrial  ion 
channel  whose  open  probability  is  increased  by  superoxide  20.  By  creating  a  leak  across  the  IMM, 
UCPs  uncouple  OXPHOS  from  ATP  synthesis.  UCP  opening  decreases  the  IMM  potential 
modestly 21 ,  making  it  a  plausible  mediator  of  the  10-20%  drop  in  IMM  potential  inferred  from 
the  TMRM  measurements.  Five  UCPs  have  been  cloned,  three  of  which  are  robustly  expressed  in 
the  SNc  (UCP2,4,5)  20,22.  Application  of  the  UCP  antagonist  genipin  23  significantly  decreased  the 
frequency  and  amplitude  of  mitochondrial  flickering  (Fig.  3e).  Because  UCP2  increases  the 
resistance  of  SNc  dopaminergic  to  toxins 22,  mitochondrial  behavior  was  examined  in  neurons 
from  UCP2  knockout  mice.  Mitochondrial  flickering  was  normal  in  these  neurons,  implicating 
UCP4  or  UCP5  in  the  phenomenon  (data  not  shown). 

UCP  activation  diminishes  superoxide  generation,  creating  a  protective,  negative  feedback 
system  to  complement  enzymatic  defenses  against  ROS  24,25.  Although  it  has  not  been  described 
previously,  the  observed  flickering  or  the  apparent  switching  of  the  UCPs  on-and-off  is  precisely 
what  would  be  expected  of  a  negative  feedback  system  with  a  threshold  (e.g.,  a  furnace  connected 
to  a  thermostat).  Because  the  kinetics  of  mito-roGFP  are  slow  compared  to  those  of  TMRM,  it 
was  not  possible  to  determine  whether  mitochondrial  potential  was  tracking  superoxide 
generation.  But  if  this  interpretation  is  correct,  then  disrupting  UCP  activation  with  genipin 
should  increase  the  oxidation  of  mitochondrial  proteins.  Indeed,  genipin  significantly  elevated 
oxidation  of  mito-roGFP  in  SNc  dopaminergic  neurons,  whereas  it  had  no  effect  on 
mitochondrial  oxidation  in  VTA  dopaminergic  neurons  where  the  UCP  defense  was  not  engaged 
(Fig.  3f).  In  SNc  dopaminergic  neurons  from  DJ-1  knockouts,  mitochondrial  flickering  was 
significantly  impaired  (Fig.  3g),  suggesting  that  D  J- 1  helps  link  superoxide  generation  to  UCP 


activation.  The  disruption  of  this  protective  feedback  mechanism  therefore  provides  a  ready 
explanation  for  the  elevation  in  mitochondrial  oxidation  in  DJ-1  knockouts  and  its  reversal  with 
removal  of  the  metabolic  load  created  by  L-type  calcium  channels. 

Collectively,  our  studies  demonstrate  that  calcium  influx  during  normal,  autonomous 
pacemaking  in  SNc  dopaminergic  neurons  significantly  elevates  mitochondrial  oxidant  stress, 
engaging  a  DJ-1 -dependent  defense  mechanism  involving  UCPs.  Mitochondrial  oxidant  stress 
has  long  been  thought  to  be  central  to  the  etiology  of  PD  2.  However,  there  has  been  no 
explanation  for  why  this  stress  should  be  greater  in  a  small  population  of  mesencephalic  neurons. 
Our  results  fill  this  key  gap  in  our  understanding  (Fig.  4).  This  basal  oxidant  stress  is  amplified  by 
deletion  of  DJ-1,  a  gene  associated  with  an  early  onset,  familial  form  of  PD.  Without  this  basal 
stress,  deletion  of  DJ-1  had  no  measurable  effect,  as  demonstrated  by  the  normality  of  DJ-1 
deficient  VTA  dopaminergic  neurons  and  near  complete  removal  of  oxidant  stress  in  DJ-1 
deficient  SNc  dopaminergic  neurons  by  antagonizing  L-type  calcium  channels.  The  suggestion 
that  DJ-1  enhances  the  activation  of  UCPs  in  response  to  superoxide  production  agrees  with 
studies  pointing  to  a  redox  signaling  role  for  D  J- 1  15.  However,  whether  DJ- 1  directly  participates 
in  mitochondrial  signaling  or  is  indirectly  involved,  for  example,  by  regulating  the  expression 
UCPs  in  response  to  sustained  oxidant  stress,  remains  to  be  determined. 

The  high  basal  mitochondrial  oxidant  stress  in  SNc  dopaminergic  neurons  helps  to  explain 
why  age  is  the  principal  risk  factor  in  PD.  Although  aging  is  complex,  declining  mitochondrial 
competence  is  widely  viewed  a  key  part  of  this  process  26 .  In  humans,  SNc  dopaminergic  neurons 
accumulate  more  mitochondrial  DNA  (mtDNA)  mutations  with  age  than  neurons  in  other  brain 
regions  27,28.  These  mutations,  which  are  attributable  to  superoxide  exposure,  diminish 
mitochondrial  competence  and  promote  phenotypic  decline,  proteostatic  impairments  and 
eventual  neuronal  death  29,3°.  Mice  in  which  the  respiratory  capacity  of  mitochondria  has  been 
compromised  in  SNc  dopaminergic  neurons,  rapidly  develop  a  PD  phenotype  replete  with 
intracellular  inclusions  and  neuronal  loss  31.  Furthermore,  in  primates  and  humans,  there  are 
clear  signs  of  accelerated  phenotypic  decline  in  the  SNc  with  normal  aging  32,33.  Against  this 
backdrop,  it  not  surprising  that  genetic  mutations  or  environmental  toxins  that  further 


compromise  mitochondrial  function  would  accelerate  this  decline  and  reduce  the  age  at  which 
cell  loss  crosses  the  symptomatic  threshold  2,34,3S.  Lastly,  the  proposition  that  physiological 
phenotype  is  a  major  risk  factor  provides  a  framework  for  understanding  the  broader  neuronal 
pathology  in  PD  36. 

Because  the  L-type  calcium  channels  underlying  oxidant  stress  can  be  effectively 
antagonized  by  dihydropyridines  that  have  a  long  history  of  safe  use  in  humans  37,  our  results 
point  clearly  to  a  novel  neuroprotective  strategy  for  idiopathic  and  familial  forms  of  PD.  The 
proposition  that  dihydropyridines  are  neuroprotective  is  supported  by  retrospective 
epidemiological  studies,  showing  that  patients  using  them  for  hypertension  have  a  lower 
incidence  of  PD  38,39.  Nevertheless,  a  prospective  clinical  trial  will  be  required  to  unequivocally 
determine  their  therapeutic  value  in  slowing  or  stopping  the  progression  of  PD. 

Methods  Summary 

Mice  between  postnatal  ages  P21  and  P30  were  used  for  these  studies.  Mice  were  handled 
according  to  the  guidelines  established  by  the  Northwestern  University  Animal  Care  and  Use 
Committee,  the  National  Institutes  of  Health  and  the  Society  for  Neuroscience.  Slices  containing 
the  mesencephalon  were  transferred  to  a  submersion-style  recording  chamber;  SNc  and  VTA 
neurons  were  initially  visualized  with  an  infrared-differential  interference  contrast  (IR-DIC) 
video  microscopy  system  (for  patch  clamp  recording)  and  subsequently  imaged  with  2PLSM 
using  a  Ti:  sapphire  pulsed  laser  tuned  to  810  nm  for  dendritic  measurements  of  calcium 
transients,  830  nm  for  TMRM  imaging  of  mitochondrial  membrane  potential,  and  920  nm  for 
imaging  of  mitochondrial  roGFP  signal.  Fluorescence  emission  for  mitochondrial  imaging  was 
collected  with  fixed  location  and  dimensional  region  of  interests  by  non-descanned 
photomultiplier  tubes.  For  calcium  imaging  experiments,  VTA  or  SNc  neurons  were  filled  with 
50  pM  Alexa594  and  200  pM  Fluo-4  with  a  patch  electrode  and  dendritic  calcium  transients  were 
imaged  as  described  previously 8.  In  TMRM  experiments,  mitochondrial  membrane  potential 
was  calculated  using  a  Nerst  equation  describing  the  distribution  of  the  dye  16  (See  Full  Methods). 
Transgenic  mice  were  generated  with  conventional  approaches  with  a  construct  containing  the 
tyrosine  hydroxylase  promoter  and  a  matrix  mitochondria  targeting  DNA  sequence  (obtained 


from  cytochrome  oxidase  subunit  4).  Relative  oxidation  of  mito-roGFP  was  determined  from 
fluorescence  measurements  after  fully  reducing  mitochondria  with  dithiothreitol  and  fully 
oxidizing  with  aldrithiol.  Primers  and  reaction  protocols  for  single-cell  reverse  transcription- 
polymerase  chain  reaction  (scRT-PCR)  have  been  described  previously 6.  Statistical  analysis  of 
data  was  performed  with  non-parametric  tests:  Mann- Whitney  Rank  Sum  Test  for  comparing 
between  two  groups  or  Kruskal  Wallis  analysis  of  variance  (ANOVA)  with  Dunnet’s  post  hoc  for 
multiple  group  comparison.  Paired  statistical  analyses  were  performed  using  the  Wilcoxon 
Signed  Rank  Test.  Probability  (P)  threshold  for  statistical  significance  was  0.05. 
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Figure  legends: 

Figure  1.  Calcium  influx  through  L-type  calcium  channels  during  pacemaking  increases  mitochondrial 
oxidant  stress  in  SNc  dopaminergic  neurons,  (a)  Whole  cell  recording  from  an  SNc  dopaminergic 
neuron  (shown  to  the  left  as  a  projection  image)  in  pacemaking  mode.  At  the  bottom  of  the  trace,  a 
2PLSM  measurement  of  dendritic  Fluo-4  fluorescence  (red  trace)  before  and  after  blocking  L-type 
calcium  channels  with  5  pM  isradipine.  Calcium  transients  in  SNc  neuron  were  absent  following 
isradipine  (green  trace)  (n=10  neurons,  P<0.05).  (b)  As  in  panel  a  but  with  a  VTA  neuron  which  do 
not  display  calcium  oscillation  in  dendrites  (n=6  neurons),  (c)  Schematic  of  the  TH-mito-roGFP 
construct.  Below  the  construct,  single-cell  RT-PCR  analysis  of  mito-roGFP  expressing  SNc 
dopaminergic  neurons  showing  expression  of  tyrosine  hydroxyalse  (TH)  and  Cavl  .3  but  not 
calbindin  or  GAD67;  similar  results  were  obtained  in  all  5  neurons  examined,  (d)  Top,  a  low 
magnification  image  of  the  mesencephalon  of  a  transgenic  TH-mito-roGFP  mouse  showing 
expression  in  SNc  and  VTA  neurons;  Bottom,  a  high  magnification  image  of  an  SNc  neuron  showing 
labeling  in  cytoplasmic  but  not  nuclear  compartments;  Right,  overlay  of  mitoTracker  red  staining 
showing  colocalization  with  mito-roGFP.  (f)  mito-roGFP  measurements  from  a  VTA  neuron;  before 
(control,  black  trace),  and  after  application  of  2  mM  dithiothreitol  (DTT)  (green  trace),  and  100  pM 
alditriol  (red  trace).  Relative  oxidation  (1-(F-Faid)/(FDTT-Faid))  was  plotted  as  a  function  of  time  and 
treatement  condition,  (g)  mito-roGFP  measurements  from  an  SNc  dopaminergic  neuron  (black 
trace),  revealing  a  higher  basal  oxidation  than  in  VTA  neurons;  treatment  with  5  pM  isradipine 
diminished  mitochondrial  oxidation  (green  trace),  (h)  Left,  box-plots  summarizing  mean  redox 
measurements  in  VTA  (n=9)  and  SNc  dopaminergic  neurons  (n=14)  in  control  conditions;  SNc 
neurons  were  significantly  more  oxidized  (P<0.05);  Right,  box  plots  of  mean  redox  measurements 
after  antagonizing  L-type  channels  with  isradipine  (5  pM,  n=9)  or  blocking  the  mitochondrial 
uniporter  with  Ru360  (10  pM,  n=8),  both  were  significantly  less  oxidized  than  controls  (P<0.05).  (i) 
Box  plots  summarizing  mean  mito-roGFP  measurements  in  SNc  dopaminergic  neurons  in  brain 
slices  held  at  near  physiological  temperature  (30-32°C)(n=14)  and  at  room  temperature  (20-22°C) 
(n=5);  oxidation  was  significantly  less  at  room  temperature  (P<0.05).  Statistical  significance  in  all 
plots  is  shown  by  an  asterisk. 

Figure  2.  Activity-dependent  oxidant  stress  is  elevated  in  SNc  dopaminergic  neurons  from  DJ-1  knockout 
mice,  (a)  Whole  cell  recording  from  a  SNc  dopaminergic  neuron  in  a  brain  slice  from  a  DJ-1 


knockout  mouse  showing  normal  pacemaking  (top)  and  normal  intracellular  calcium  oscillations 
(bottom);  similar  results  were  seen  in  all  five  neurons  examind.  (b)  In  SNc  dopaminergic  neurons 
from  DJ-1  knockouts,  mitochondrial  mito-roGFP  oxidation  was  higher  (red  trace)  than  in  control 
neurons  (black  trace);  isradipine  (200  nM)  pretreatment  normalized  oxidation  of  mito-roGFP  (green 
trace);  experiments  were  done  at  20-22  °C.  (c)  Box  plot  summarizing  mean  mito-roGFP 
measurements  in  wild-type  SNc  neurons  (n=9),  DJ-1  knockout  SNc  neurons  (n=6)  and  DJ-1 
knockout  neurons  after  isradipine  pretreatment  (n=7);  differences  between  wild-type  and  DJ-1 
knockout  were  significant  (P<0.05),  as  were  differences  between  knockouts  with  and  without 
isradipine  treatment  (P<0.05).  (d)  Box  plot  summarizing  mean  mito-roGFP  measurements  from  wild- 
type  VTA  dopaminergic  neurons  (n=9),  wild-type  SNc  dopaminergic  neurons  (n=14)  and  DJ-1 
knockout  VTA  dopaminergic  neurons  (red  box)  (n=4)  and  at  34-35  °C.  In  contrast  to  SNc 
dopaminergic  neurons,  mito-roGFP  oxidation  in  VTA  dopaminergic  neurons  were  unaffected  by  DJ- 
1  deletion  (P>0.05). 

Figure  3.  Oxidant  stress  induces  DJ-1 -dependent  oscillation  in  mitochondrial  membrane  potential  (a)  SNc 
dopaminergic  neuron  in  a  brain  slice  incubated  with  tetramethyl  rhodamine  methyl  ester  (TMRM), 
revealing  mitochondrial  labeling;  a  region  of  interest  (ROI)  from  which  fluorescence  measurments 
were  taken  is  shown  (yellow  circle),  (b)  Representative  fluorescence  time-series  from  an  SNc 
dopaminergic  neuron  (black  trace)  before  and  after  rotenone  (200  nM)  (red  trace)  application;  similar 
results  were  seen  in  all  cells  examined  (n>21).  For  comparison,  a  time  series  from  a  typical  VTA 
dopaminergic  neuron  is  shown  (blue  trace),  (c)  Left,  TMRM  fluorescence  measurements  before  (black 
trace)  and  after  bath  application  of  isradipine  (green  trace);  Right,  box  plots  summarizing  the  mean 
frequency  of  flickering  in  control  cells  and  after  application  of  isradipine  (5  pM,  n=5)  or  Ru360  (10 
pM,  n=6),  both  drugs  significantly  slowed  flickering  frequency  (P<0.05);  box  plots  summarizing  the 
mean  amplitude  of  voltage  change  inferred  from  the  fluorescence  measurement  (relative  to  the 
maximum  potential),  the  amplitudes  were  similar  in  all  conditions,  in  the  same  conditions,  (d)  Left, 
fluorescence  time  series  before  and  after  bath  application  of  the  ROS  scavenger  MPG  (2  mM)  (green 
trace),  showing  a  drop  in  flickering  frequency  but  not  amplitude;  Right,  box  plots  summarizing  mean 
frequency  and  amplitude  measurements  (n=5);  MPG  significantly  reduced  the  frequency  (P<0.05)  but 
not  the  amplitude  (P>0.05)  of  flickering,  (e)  Left,  fluorescence  time  series  in  control  and  after 
application  of  genipin  (100  pM)  (green  trace),  which  decreased  the  frequency  and  amplitude  of  the 


flickering;  Right,  box  plots  summarizing  mean  amplitude  and  frequency  measurements  in  control , 
and  after  genipin  (n=5),  genipin  significantly  decreased  both  parameters  (P<0.05);  also  shown  are 
plots  of  data  from  cyclophilin  D  knockouts,  which  did  not  affect  either  measure  (n=10;  P>0.05).  (f) 
Left,  mito-roGFP  measurements  as  in  Figure  1  before  and  after  application  of  genipin  (100  pM)  (red 
trace)  to  an  SNc  dopaminergic  neuron,  which  increased  oxidation;  Right,  box  plots  summarizing 
mean  oxidation  measurements  following  isradipine  application  (green  box)  (n=9),  genipin  (red  box) 
(n=6)  to  SNc  dopaminergic  neurons,  isradipine  significantly  decreased  oxidation,  whereas  genipin 
increased  oxidation  (P<0.05);  also  show  are  oxidation  measurements  from  VTA  dopaminergic 
neurons  following  genipin  where  there  was  no  change  from  control  measurements  (n=5,  P>0.05).  (g) 
Left,  TMRM  fluorescence  measurement  from  a  wild-type  SNc  dopaminergic  neuron  (black  trace)  and 
a  DJ-1  knockout  (red  trace),  showing  a  reduction  in  flickering  amplitude  and  frequency;  Right,  box 
plots  of  mean  frequency  and  amplitude  data  from  wild-type  (n=21)  and  DJ-1  knockout  neurons 
(n=7);  both  amplitude  and  frequency  of  flickering  were  decreased  in  DJ-1  knockouts  (P<0.05). 

Figure  4.  Schematic  summary  of  the  results  presented  linking  calcium  entry  through  L-type  channels 
during  pacemaking  with  elevated  mitochondrial  oxidant  stress.  The  model  proposes  that  oxidant 
stress  arises  from  ATP  utilization  and  calcium  entry  into  mitochondria  through  the  uniporter.  This 
combined  stimulus  drives  OXPHOS  leading  to  increased  production  of  superoxide,  the  opening  of 
uncoupling  proteins  (UCPs)  to  mildly  uncouple  the  inner  mitochondrial  membrane  diminishing 
superoxide  generation.  This  negative  feedback  mechanism  should  have  a  threshold,  accounting  for 
the  turning  on  and  off  of  UCPs.  Schematic  also  shows  the  potential  contribution  of  NMDA  receptors 
to  the  calcium  mediated  metabolic  stress. 

Supplementary  Movie: 

Time  lapsed  2PLSM  image  showing  TMRM  fluorescence  in  a  SNc  dopaminergic  neuron  before  and  after 
bath  application  of  isradipine  (5  pM).  Note  the  decreased  flickering  after  application  of  isradipine. 
Similar  results  were  seen  in  all  of  the  neurons  examined  (n>20). 


ONLINE  METHODS 

Tissue  Preparation.  Acute  midbrain  coronal  slices  (220  pm-thick)  were  obtained  from  male  mice  between 
postnatal  ages  21  and  28  days,  unless  specified  otherwise.  The  handling  of  mice  and  all  procedures 
performed  on  them  were  approved  by  the  institutional  Animal  Care  and  Use  Committee  and  were  in 
accordance  with  the  'National  Institutes  of  Health  Guide  to  the  Care  and  Use  of  Laboratory  Animals'  and 
Society  for  Neuroscience  guidelines.  Mice  were  anesthetized  with  a  ketamine/xylazine  mixture  followed 
by  a  transcardial  perfusion  with  ice-cold,  oxygenated  artificial  cerebrospinal  fluid  (ACSF)  containing  (in 
mM):  125  NaCl,  2.5  KC1,  25  NaHCCfi,  1.25  NaH2P04,  2  CaCL,  1  MgCL,  and  25  dextrose,  pH  7.3, 
osmolality  315-320  mOsm/L.  After  perfusion,  mice  were  decapitated  and  brains  were  removed  rapidly, 
followed  by  sectioning  in  ice-cold  oxygenated  ACSF  using  a  vibratome  (VT1000S  Leica  Microsystems, 
Nusslock,  Germany).  Midbrain  slices  were  kept  at  34  degrees  centigrade  for  30  minutes  prior  to  two- 
photon  laser  scanning  microscopy  (2PLSM)  imaging  experiments,  dopaminergic  neurons  from  the 
ventral  tier  of  the  SNc  were  identified  during  the  imaging  experiments  based  on  anatomical  location  in 
the  slice  and  cell  body  size  (bregma  -2.92  mm),  and  VTA  neurons  were  identified  on  its  anatomical 
location  medial  to  the  SNc. 

Generation  of  transgenic  mice  carrying  tyrosine  hydroxylase  promoter  driven  mitochondrial  targeted 
roGFP  gene.  The  oxidation-reduction  status  of  the  mitochondrial  matrix  was  assessed  by  targeting  the 
expression  of  a  redox-sensitive  green  fluorescence  protein  (roGFP)  to  that  compartment.  This  sensor 
exhibits  ratiometric  changes  in  absorption  at  400  and  484  nm  in  response  to  changes  in  the  oxidation 
status  of  two  cysteine  thiols  located  in  the  outer  surface  of  the  protein  ,4.  roGFP  plasmid  was  generated 
from  the  pEGFP-Nl  plasmid  (CLONTECH,  Palo  Alto,  CA)  by  substitutingsurface-exposed  residues  on 
eGFP  with  cysteines  in  appropriate  positions  as  previously  described  using  a  QuickChange  site  directed 
mutagenesis  kit  (Stratagene).  To  express  roGFP  to  mitochondria,  the  matrix  targeting  sequence  (MTS) 
from  cytochrome  oxidase  subunit  4  was  added  at  the  amino  terminus  using  a  primer  pair  5’AAT  GCC 
GCT  AGC.GCC  ACC  ATG  CTG  AGC  CTG  CGC  CAG  AGC  ATC  CGC  TTC  TTC  AAG  CGC  AGC  GG 
CAT  CAT  GGT  GAG  CAA  GGG  CGA  GGA  GCT  G  -3’  and  5’-CCG  CTC  GAG  TTA  CTT  GTA  CAG 
CTC  GTC  CAT  GCC-3’  while  adding  restriction  sites  for  Nhe  I  and  Xho  I  (underlined?).  The  resulting 
PCR  product  was  cloned  into  the  pcDNA  3.1(+)  vector  (invitrogen).  MTS-roGFP  was  again  amplified 
using  primer  pair  5’-AAT  GCC  GAT  ATC  GCC  ACC  ATG  CTG  AGC  -  3’  and  5’-CCG  CTC  GAG  TTA 
CTT  GTA  CAG  CTC  GTC  CAT  GCC  -3’  while  adding  restriction  sites  for  EcoRV  and  Xho  I 
(underlined?).  PCR  products  were  cloned  in  pCR4-TOPO  vector  (invitrogen)  and  excised  with  EcoRI. 


To  drive  expression  in  dopaminergic  neurons,  this  construct  was  ligated  into  the  TH-SK3-PA  plasmid 
containing  the  tyrosine  hydroxylase  (TH)  promoter,  a  9.0  kb  genomic  fragment,  located  5’  to  the  EcoRI 
restriction  site.  The  TH-SK3-PA  vector  was  kindly  provided  by  Dr.  Xiaoxi  Zhuang  at  the  University  of 
Chicago,  with  permission  from  Dr.  Jin  H.  Son,  Laboratory  of  Molecular  Neurobiology,  The  W.  M.  Burke 
Medical  Research  Institute,  White  Plains,  New  York) 5.  Correct  orientation  of  the  gene  was  verified  by 
sequencing.  To  enable  in  vivo  expression  of  MTS-roGFP  in  dopaminergic  neurons,  a  10.5  kb  Sal  I  and 
Hind  III  fragment  containing  TH  promoter/MTS-roGFP/polyadenylation  sequences  was  purified  by  0.8% 
agarose  gel  electrophoresis,  and  eluted  with  an  Elutip  column  as  per  the  manufacturer’s  instructions 
(Whatman  Schleicher  &  Schuell).  The  purified  DNA  was  used  to  generate  transgenic  mice  by  pronuclear 
microinjection  in  the  University  Transgenic  and  Targeted  Mutagenesis  core.  Several  founder  transgenic 
mice  were  identified  by  PCR  using  primers  that  hybridize  with  eGFP.  The  founders  for  the  roGFP  mice 
were  generated  in  a  B6SJL  genetic  background  and  backcrossed  to  C57BL6  for  our  imaging  experiments. 
2PLSM:  Calcium  Imaging:  For  dendritic  measurements,  SNc  dopaminergic  neurons  in  tissue  slices  (as 
described  above)  were  loaded  with  Alexa  Fluor  594  (50  pM)  and  Fluo-4  (200  pM)  through  the  patch 
pipette.  All  experiments  were  performed  at  32-34°  C.  Images  were  acquired  with  a  60X/0.9NA  water- 
immersion  lens.  Dyes  were  allowed  to  equilibrate  for  at  least  15  minutes  prior  to  imaging.  The  two- 
photon  excitation  source  was  a  Chameleon-ultra2  tunable  laser  system  (680  nm  to  1080  nm)  utilizing 
Ti:sapphire  gain  medium  with  all-solid-state  active  components  and  a  computer-optimized  algorithm  to 
ensure  reproducible  excitation  wavelength,  average  power,  and  peak  power  (Coherent  Laser  Group,  Santa 
Clara,  CA).  Optical  signals  were  acquired  using  810  nm  excitation  beam  (80MHz  pulse  repetition 
frequency  and  ~250fs  pulse  duration)  to  simultaneously  excite  Alexa  and  Fluor-4  dyes.  Laser  power 
attenuation  was  achieved  with  two  Pockel  cell  electro-optic  modulators  (models  350-80,  Con  Optics, 
Danbury,  CT).  The  two  cells  are  aligned  in  series  to  provide  enhanced  modulation  range  for  fine  control 
of  the  excitation  dose  (0.1%  steps  over  four  decades).  The  laser-scanned  images  were  acquired  with  a  Bio- 
Rad  Radiance  MPD  system  (Hemel  Hempstead,  England,  UK).  The  fluorescence  emission  was  collected 
by  external  or  non-de-scanned  photomultiplier  tubes  (PMTs).  The  green  fluorescence  (500-550  nm)  was 
detected  by  a  bialkali- cathode  PMT  and  the  red  fluorescence  (580-640  nm)  was  collected  by  a  multi- 
alkali-cathode  (S-20)  PMT.  The  system  digitizes  the  current  from  detected  photons  to  12  bits.  The  laser 
light  transmitted  through  the  sample  was  collected  by  the  condenser  lens  and  sent  to  another  PMT  to 
provide  a  bright-field  transmission  image  in  registration  with  the  fluorescent  images.  Measurements  were 
taken  in  a  sample  plane  along  dendritic  segments  (100-150  mm  from  the  soma).  Line  scan  signals  were 


acquired  (as  described  above)  at  6  ms  per  line  and  512  pixels  per  line  with  0.18  pm  pixels  and  10  ps  pixel 
dwell  time.  The  time  between  the  control  and  isradipine  treatment  measurements  was  5-7  minutes. 
2PLSM:  Tetramethyl  rhodamine  methyl  ester  (TMRM)  mitochondrial  imaging.  Brain  slices  from  wild- 
type  or  DJ-1  knock-out  mice  (mixed  background  C57BL6xl29SvEv)  were  incubated  in  2-4  pTMRM  for 
30  minutes  at  32-34followed  by  excess  dye  wash-out  in  TMRM-free  ACSF  solution.  Imaging  experiments 
were  performed  with  TMRM-free  ACSF  solution  at  physiological  temperatures  (32-34).  fluorescence 
(550-640  nm)  was  collected  by  a  multi-alkali-cathode  (S-20)  PMT  and  a  DODT  contrast  detector  system 
provided  bright-field  transmission  image  (Prairie  Technologies).  The  two-photon  excitation  source  was  a 
Chameleon-ultra2  tunable  laser  system  (706  nm  to  1000  nm)  utilizing  Tksapphire  gain  medium  with  all¬ 
solid-state  active  components  and  a  computer-optimized  algorithm  to  ensure  reproducible  excitation 
wavelength,  average  power,  and  peak  power  (Coherent  baser  Group,  Santa  Clara,  CA).  Flickering  activity 
was  taken  until  a  stable  baseline  activity  was  obtained.  Slices  with  drifting  baseline  activity  (due  to 
photobleaching  of  dye  and/or  wash-out)  were  discarded  from  data,  signals  were  acquired  using  830  nm 
excitation  beam  (80MHz  pulse  repetition  frequency  and  ~250fs  pulse  duration),  in  a  fixed  plane  of  focus 
with  a  pixel  size  between  0.18-0.21  pm.  Time-series  scanning  (1000  frames)  in  a  fixed  plane  was 
performed  with  a  4  ps  dwell  time  at  a  rate  of  2.5  frames  per  second.  Time  course  of  drug  incubation  was 
performed  for  all  experiments  with  periods  of  drug  incubation  ranging  between  30-60  minutes  and 
compared  to  baseline  control  activity.  Four  to  five  regions  of  interest  (ROIs)  in  the  cell  body  plus  one  ROI 
in  the  nucleus  with  fixed  location  and  dimensions  were  taken  and  changes  in  TMRM  fluorescence  (in 
arbitrary  units)  were  plotted  as  a  function  of  time.  Flickering  frequency  was  determined  by  counting  the 
number  of  transitions  in  100  sec  epochs;  and  fluorescence  histograms  were  calculated  with  MatFab.  ROIs 
were  compared  before  and  after  drug  treatment.  The  change  in  mitochondrial  membrane  potential 
during  flickering  was  estimated  from  the  fluorescence  in  an  ROI  using  a  Nernst  equation:  V= 
(RT/zF)ln(p/F)  where  Ris  the  gas  constant,  T  is  temperature,  F  is  Faraday’s  constant,  z=l,  F=the 
fluorescence  in  the  mitochondrial  ROI,  Fis  the  fluorescence  of  the  nucleus  in  the  same  optical  plane  and 
pis  a  scaling  factor  .  The  scaling  factor  was  calculated  by  assuming  that  the  mitochondrial  membrane 
potential  was  -150  mV  when  Fmaximal.  For  each  flickering  event,  the  percent  change  in  Vwas  calculated 
by  taking  the  difference  in  the  estimates  before  and  then  during  the  drop  in  fluorescence;  the  fluorescence 
during  the  drops  was  averaged  to  allow  a  single  number  to  be  generated.  Because  the  application  of 
oligomycin  did  not  significantly  change  the  maximal  TMRM  fluorescence  in  any  of  the  situations 
described  here,  Vestimates  could  reasonably  be  compared  across  cells  and  experiments. 


2PLSM:  Mitochondrial  roGFP  imaging.  Midbrain  slices  from  wild-type  roGFP  transgenic  mice  or  DJ-1 
knock-out  mice  (crossed  to  roGFP  transgenic  mice)  were  incubated  in  ACSF  at  physiological 
temperatures  (32-34)  followed  by  a  recovery  period  at  room  temperature.  Optical  imaging  of  roGFP 
signals  acquired  using  920  nm  excitation  beam  (80MHz  pulse  repetition  frequency  and  ~250fs  pulse 
duration),  in  a  fixed  plane  of  focus  with  a  pixel  size  between  0.18-0.21  pm  and  a  2-3  ps  pixel  dwell  time, 
two-photon  excitation  source  was  a  Chameleon-ultra2  tunable  laser  system  (706  nm  to  1000  nm)  utilizing 
Ti:sapphire  gain  medium  with  all-solid-state  active  components  and  a  computer-optimized  algorithm  to 
ensure  reproducible  excitation  wavelength,  average  power,  and  peak  power  (Coherent  Laser  Group,  Santa 
Clara,  CA).  The  roGFP  fluorescence  (490-560  nm)  was  detected  by  a  bialkali-cathode  PMT  and  a  DODT 
contrast  detector  system  provided  bright-field  transmission  image  (Prairie  Technologies).  Sixty  frames  of 
the  roGFP  signal  were  collected  in  one  optical  plane  at  a  rate  of  3-4  frames  per  second.  All  experiments 
were  performed  at  room  temperature  followed  by  physiological  temperatures  (-34).  with  drifting  baseline 
activity  (due  to  photobleaching  or  photooxidation  of  roGFP  signal)  were  discarded  from  data,  the  end  of 
all  experiments,  relative  oxidation  before  and  after  drug  was  monitored  following  application  of  2  mM 
dithiothreitol  (DTT)  to  fully  reduce  the  mitochondria,  then  200  palditriol  (aid)  to  fully  oxidize 
mitochondria.  Relative  oxidation  was  then  calculated  by  the  equation  T-[(F-F)/FF)]’. 

Statistical  Analysis:  Imaging  data  collected  was  analyzed  with  Igor  Pro  6.0  (Wavemetrics,  CA)  or  Matlab 
(Mathworks,  Inc.,  Natick,  MA).  The  stimulation,  display,  and  analysis  software  for  the  two-photon 
imaging  data  was  analyzed  using  a  custom-written  shareware  package,  WinFluor,  PicViewer  and 
PowerCAL  kindly  provided  by  John  Dempster  (Strathclyde  University,  Glasgow,  Scotland;  UK).  Data  was 
summarized  either  using  box-plots  showing  median  values  for  small  sample  sizes  (n=6-10  neurons). 
Statistical  analysis  was  done  with  SigmaStat  3.5  (Systat  Software,  Chicago,  IL)  using  non-parametric 
testing  Mann-Whitney  Rank  Sum  Test  for  comparing  between  two  groups  or  Kruskal  Wallis  ANOVA 
with  Dunnet’s  post  hoc  for  multiple  group  comparison.  Before-after  statistical  analyses  were  performed 
using  the  Wilcoxon  Signed  Rank  Test.  Probability  (p)  threshold  for  statistical  significance  was  p<0.05. 
Pharmacological  Reagents  and  channel  ligands:  Reagents  were  purchased  from  Sigma  (St.Louis,  MO) 
except  for  isradipine,  DTT,  (Tocris-Cookson),  TMRM  and  Fura-2,  (Invitrogen/Molecular  Probes), 
genipin  (Sigma  and  Wako  Reagents).  Drugs  stocks  solutions  were  prepared  in  deionized  water,  DMSO, 
ethanol,  or  methanol  as  instructed  by  manufacturer  on  the  day  of  experiment.  Stocks  were  diluted  to  final 
concentrations  in  ACSF  to  achieve  a  final  solvent  concentration  of  less  than  0.1%  v/v. 
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Parkinson's  disease  (PD)  is  the  second  most  common  neurodegenerative  disease  in  developed  countries. 
The  core  motor  symptoms  are  attributable  to  the  degeneration  of  dopamine  (DA)  neurons  in  the  substan¬ 
tia  nigra  pars  compacta  (SNc).  Why  these  neurons,  and  other  restricted  sets  of  non-dopamine  neuron, 
succumb  in  PD  is  not  clear.  One  potential  clue  has  come  from  the  observation  that  the  engagement  of 
L-type  Ca2+  channels  during  autonomous  pacemaking  elevates  the  sensitivity  of  SNc  DA  neurons  to  mito¬ 
chondrial  toxins  used  to  create  animal  models  of  PD,  suggesting  that  Ca2+  entry  is  a  factor  in  their  selective 
vulnerability.  Epidemiological  data  also  supports  a  linkage  between  L-type  Ca2+  channels  and  the  risk  of 
developing  PD.  This  review  examines  the  hypothesis  that  the  primary  factor  driving  neurodegenerative 
changes  in  PD  is  the  metabolic  stress  created  by  sustained  Ca2+  entry,  particularly  in  the  face  of  genetic 
or  environmental  factors  that  compromise  oxidative  defenses  or  proteostatic  competence. 

©  2009  Elsevier  Ltd.  All  rights  reserved. 


PD  is  a  disabling  neurodegenerative  disorder  that  is  strongly 
associated  with  aging,  increasing  exponentially  in  incidence  above 
the  age  of  65  [1,2].  The  incidence  of  PD  is  expected  to  rise  dra¬ 
matically  worldwide  in  the  next  25  years  with  the  extension  of  life 
expectancy  by  improved  health  care  [3].  Although  there  are  signs 
of  distributed  neuropathology  (as  judged  by  Lewy  body  formation) 
[4],  the  motor  symptoms  of  PD,  including  bradykinesia,  rigidity,  and 
resting  tremor,  are  clearly  linked  to  the  degeneration  and  death  of 
SNc  DA  neurons  [5,6].  Although  there  are  pathological  changes  in 
other  select  regions  of  the  brains  [4],  the  efficacy  of  the  clinical  gold- 
standard  treatment  of  l-DOPA  -  a  DA  precursor  -  is  testament  to 
the  centrality  of  DA  neurons  in  the  motor  symptoms  of  PD. 

1.  What  causes  SNc  DA  neurons  to  die  in  PD? 

The  mechanisms  responsible  for  the  preferential  loss  of  DA  neu¬ 
rons  in  PD  have  been  debated  for  decades.  A  widely  held  theory 
implicates  DA  itself,  suggesting  that  oxidation  of  cytosolic  DA  (and 
its  metabolites)  leads  to  the  production  of  cytotoxic  free  radicals 
[7,8].  However,  there  are  reasons  to  doubt  this  type  of  cellular 
stress  alone  is  responsible  for  the  loss  of  DA  neurons  in  PD.  For 
example,  there  is  considerable  regional  variability  in  the  vulnera¬ 
bility  of  DA  neurons  in  PD,  with  some  being  devoid  of  pathological 
markers  [9-13],  Moreover,  l-DOPA  administration  (which  relieves 
symptoms  by  elevating  DA  levels  in  PD  patients)  does  not  appear 
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to  accelerate  disease  progression  [14],  suggesting  that  DA  is  not  a 
significant  source  of  reactive  oxidative  stress,  at  least  in  the  short 
term.  Sulzer  and  co-workers  have  recently  reported  that  Ca2+  entry 
through  L-type  channels  stimulates  DA  metabolism  in  SNc  DA  neu¬ 
rons,  pushing  cytosolic  DA  concentrations  into  a  toxic  range  with 
l-DOPA  loading  [15].  For  this  mechanism  to  be  relevant  to  selec¬ 
tive  vulnerability,  one  would  have  to  posit  that  modest  elevations 
in  cytosolic  DA  over  decades  leads  to  an  accumulation  of  cellu¬ 
lar  defects  that  ultimately  produces  cell  death.  Although  plausible, 
the  hypothesis  is  not  readily  testable.  It  does  suggest  that  treating 
patients  in  the  early  stages  of  the  disease  with  direct  acting  ago¬ 
nists,  rather  than  l-DOPA,  should  lead  to  a  slower  progression  of 
the  disease.  That  said,  the  frank  death  or  phenotypic  decline  of  a 
variety  of  non-dopaminergic  neurons  in  PD  argues  that  DA  itself  is 
not  likely  to  be  the  principal  culprit  in  the  disease. 

If  not  DA,  then  what?  In  recent  years,  attention  has  turned  to 
the  role  of  mitochondrial  dysfunction  in  PD  [16-18],  In  addition 
to  the  ability  of  several  toxins  that  target  mitochondria  to  create 
a  parkinsonian  phenotype  [19,20],  compelling  evidence  for  mito¬ 
chondrial  involvement  in  PD  comes  from  the  study  of  human  PD 
patients.  In  postmortem  tissue  samples  of  the  SNc  from  sporadic 
PD  patients,  there  is  a  substantial  decrease  in  the  activity  of  mito¬ 
chondrial  NADH  ubiquinone  reductase,  referred  to  as  complex  I  of 
the  electron  transport  chain  (ETC)  [21  ];  this  deficit  is  specific  to  PD 
patients  [22]  and  appears  to  reflect  oxidative  damage  to  complex  I 
[23].  Oxidative  damage  to  other  cellular  components  such  as  lipids, 
proteins  and  DNA  also  has  been  found  in  the  SNc  of  PD  brains  [24]. 
The  source  of  this  oxidative  stress  is  likely  to  be  mitochrondrial. 
Reactive  oxygen  species  (ROS)  and  other  radicals  are  generated  by 
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inefficiencies  in  the  ETC,  which  is  responsible  for  creating  the  elec¬ 
trochemical  gradient  across  the  inner  mitochondrial  membrane 
that  drives  ATP  synthase  and  the  conversion  of  adenosine  diphos¬ 
phate  to  ATP  [25].  ROS  also  are  thought  to  be  responsible  for  the 
high  level  of  somatic  DNA  and  mitochondrial  DNA  mutations  in 
SNc  DA  neurons  [26-28].  Lastly,  although  deficits  in  the  complex  1 
activity  of  platelets,  skeletal  muscle,  fibroblasts,  and  lymphocytes 
have  been  reported  in  some  PD  patients  [29],  this  is  not  a  consis¬ 
tent  feature  of  the  disease,  arguing  that  mitochondrial  dysfunction 
is  regionally  selective  [30].  Further  support  for  a  mitochondrial 
link  in  PD  comes  from  the  rapidly  expanding  literature  on  genetic 
mutations  associated  with  familial  forms  of  PD  [16]. 

Another  organelle  that  has  been  widely  linked  to  pathogenesis 
in  PD  is  the  endoplasmic  reticulum  (ER).  The  ER  is  an  integral  com¬ 
ponent  of  the  cellular  machinery  responsible  for  the  production, 
delivery  and  degradation  of  proteins,  a  process  referred  to  as  pro- 
teostasis  [31].  One  of  the  hallmarks  of  PD  is  the  formation  of  Lewy 
bodies  (LBs),  an  abnormal  protein  aggregate  found  in  SNc  DA  neu¬ 
rons  and  elsewhere  in  the  brain  [32].  These  depositions  reflect  a 
deficiency  in  proteostasis  that  is  accompanied  by  signs  of  ER  stress 
and  an  attempt  to  sequester  cytotoxic  proteins  [33].  In  part,  LBs  in 
PD  must  reflect  the  decline  in  proteostatic  competence  that  accom¬ 
panies  normal  aging  [31].  What  appears  to  distinguish  PD  is  the 
presence  of  an  additional  proteostatic  burden  that  causes  an  aged 
DA  neuronal  ensemble  to  fail  en  masse  (see  below)  [18,34,35], 

Taken  together,  the  evidence  for  the  involvement  of  mitochon¬ 
dria  and  ER  in  the  PD  pathogenesis  is  unequivocal.  The  critical 
question  is  whether  the  disease  begins  with  the  dysfunction  of 
these  organelles.  The  striking  regional  distribution  of  deficits  argues 
against  this  proposition.  There  is  no  evidence  that  mitochondria  in 
cortical  pyramidal  neurons  (which  show  little  to  no  sign  of  pathol¬ 
ogy  in  PD)  differ  in  any  important  respect  from  mitochondria  in 
SNc  DA  neurons.  There  is  no  evidence  for  substantive  variation  in 
the  ER  (or  other  proteostatic  elements)  between  vulnerable  and 
resistant  neurons  either.  Furthermore,  there  is  no  evidence  of  selec¬ 
tive  regional  expression  of  genes  associated  with  familial  forms 
of  PD  that  would  be  predictive  of  disease  progression  [36].  The 
most  straightforward  conclusion  to  be  drawn  from  the  evidence 
at  hand  is  that  the  cellular  environment  in  which  these  organelles 
find  themselves  accelerates  their  decline  with  age,  making  them 
more  vulnerable  to  genetic  or  environmental  stress.  What  then  is 
distinctive  about  the  organelle  environment  created  by  SNc  DA  neu¬ 
rons? 

2.  SNc  DA  neurons  have  a  distinctive  physiological 
phenotype 

SNc  DA  neurons  have  an  unusual  physiological  phenotype. 
Unlike  the  vast  majority  of  neurons  in  the  brain,  adult  SNc  DA 
neurons  are  autonomously  active,  generating  action  potentials 
regularly  (2-4  Hz)  in  the  absence  of  synaptic  input  [37],  This 
pacemaking  activity  is  believed  to  be  important  in  maintaining 
ambient  DA  levels  in  regions  that  are  innervated  by  these  neurons, 
particularly  the  striatum  [38].  While  most  neurons  rely  exclu¬ 
sively  on  monovalent  cation  channels  to  drive  pacemaking,  SNc 
DA  neurons  also  engage  ion  channels  that  allow  Ca2+  to  enter  the 
cytoplasm  [39-41],  leading  to  elevated  intracellular  Ca2+  concen¬ 
trations  [42,43],  The  L-type  Ca2+  channels  used  by  SNc  DA  neurons 
in  pacemaking  have  a  distinctive  Cavl.3  pore-forming  subunit 
encoded  by  Cacnald  [43,44].  Cavl.3  Ca2+  channels  are  relatively 
rare,  constituting  only  about  10%  of  the  all  the  L-type  Ca2+  channels 
found  in  the  brain  [45],  Channels  with  this  subunit  differ  from  other 
L-type  Ca2+  channels  in  that  they  open  at  relatively  hyperpolarized 
potentials,  allowing  them  to  contribute  to  the  mechanisms  driving 
the  membrane  potential  to  spike  threshold  underlying  autonomous 
pacemaking  [41,43,46]. 
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Fig.  1.  Low  concentrations  of  DHPs  suppress  dendritic  Ca2+  oscillations  but  do  not 
slow  pacemaking,  (a)  Digitized  cell-attached  patch  recordings  from  an  SNc  DA  neu¬ 
ron  before  and  after  application  of  isradipine  (5  p.M).  The  median  discharge  rate 
before  isradipine  application  was  2.2  Hz  and  2.4  Hz  after  (p  >  0.05,  n  =  4).  (b)  Whole 
cell  recording  from  the  cell  shown  to  the  left  (projection  image)  before  and  after 
isradipine  (5  p,M)  application;  there  was  no  significant  change  in  discharge  rate  in 
this  cell  or  in  10  others.  At  the  bottom,  2PLSM  measurements  of  Fluo-4  fluorescence 
(G)  at  a  proximal  dendritic  location  (—40  pm  from  the  soma)  normalized  by  the  flu¬ 
orescence  of  the  red  Alexa  dye  used  to  image  the  cell,  (c)  Somatic  recording  during 
imaging  at  a  more  distal  dendritic  location  (—120-200  pm  from  the  soma).  Note  the 
complete  elimination  of  the  spike  associated  dendritic  Ca2+  transient  at  the  distal 
imaging  site.  Similar  results  were  obtained  in  6  other  neurons.  From  [46]. 


Until  recently,  it  was  thought  that  L-type  Ca2+  channels  were 
essential  for  pacemaking  in  SNc  DA  neurons  making  them  less  than 
ideal  drug  targets  if  pacemaking  was  necessary  to  maintain  phys¬ 
iologically  important  levels  of  DA  in  target  structures  [47,48],  This 
inference  was  based  upon  the  ability  of  L-type  channel  antagonists 
(dihydropyridines)  to  halt  pacemaking.  However,  we  know  now 
that  at  the  concentrations  of  dihydropyridine  (DHP)  necessary  to 
stop  pacemaking,  other  ion  channels  are  being  antagonized,  com¬ 
plicating  the  interpretation  of  previous  studies.  This  discovery  was 
made  possible  by  the  integration  of  traditional  patch  clamp  elec¬ 
trophysiology  and  two  photon  laser  scanning  microscopy  in  brain 
slices.  The  combination  of  approaches  allowed  dendritic  Ca2+  oscil¬ 
lations  to  be  monitored  with  high  temporal  resolution  at  the  same 
time  as  somatic  voltage,  revealing  that  at  lower,  channel-specific 
DHP  concentrations,  pacemaking  continues  in  SNc  DA  neurons, 
unaltered  in  rate  and  regularity,  even  when  dendritic  L-type  Ca2+ 
channels  were  effectively  antagonized  (Fig.  1)  [46].  The  ability 
of  SNc  DA  neurons  to  continue  pacemaking  under  these  circum¬ 
stances  reflects  the  robustness  of  the  multi-channel  pacemaking 
mechanism  and  that  Cavl.3  Ca2+  channels  play  a  supportive,  but 
not  necessary  role.  In  addition  to  this  role,  Cavl  .3  Ca2+  channels  par¬ 
ticipate  in  the  postsynaptic  response  to  activation  of  glutamatergic 
synapses  and  burst  spiking  in  response  to  reward  prediction  errors 
[M.  Bevan,  unpublished  observations].  However,  as  with  pacemak¬ 
ing,  this  role  is  supportive,  rather  than  necessary. 

The  sustained  engagement  of  Cavl  .3  Ca2+  channels  during  pace¬ 
making  comes  at  an  obvious  metabolic  cost  to  SNc  DA  neurons. 
Because  of  its  involvement  in  cellular  processes  ranging  from  the 
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regulation  of  enzyme  activity  to  programmed  cell  death,  Ca2+  is 
under  very  tight  homeostatic  control,  with  a  cytosolic  set  point 
near  lOOnM  -  10,000  times  lower  than  the  concentration  of  Ca2+ 
in  the  extracellular  space  [49-51  ].  Ca2+  entering  neurons  is  rapidly 
sequestered  or  pumped  back  across  the  steep  plasma  membrane 
concentration  gradient;  this  process  requires  energy  stored  in  ATP 
or  in  ion  gradients  that  are  maintained  with  ATP-dependent  pumps. 
In  most  neurons,  Ca2+  channel  opening  is  a  rare  event,  occurring  pri¬ 
marily  during  very  brief  action  potentials.  This  makes  the  task  and 
the  metabolic  cost  to  the  cell  readily  manageable.  But  in  SNc  DA 
neurons,  where  Cavl.3  Ca2+  channels  are  open  much  of  the  time, 
the  magnitude  and  the  spatial  extent  of  Ca2+  influx  are  much  larger 
[42], 

Another  distinctive  feature  of  SNc  DA  neurons,  and  many  of 
the  other  neurons  that  succumb  in  PD  (e.g.,  locus  ceruleus  neu¬ 
rons),  is  their  enormous  axonal  field.  Recent  anatomical  work  has 
estimated  that  a  typical  SNc  DA  neuron  has  mean  axonal  length 
of  470,000  p.m  [52].  Furthermore,  each  axon  supports  ~370,000 
synapses,  orders  of  magnitude  higher  than  the  number  supported 
by  cortical  pyramidal  neurons  for  example  [53].  Although  the 
oxidative  stress  experienced  by  each  of  these  terminals  might  very 
well  be  normal  (this  has  yet  to  be  determined),  it  could  be  that 
the  proteostatic  burden  created  by  maintaining  this  extraordinary 
axonal  tree  creates  a  substantial  metabolic  load  in  and  of  itself. 
Moreover,  the  need  to  supply  this  axonal  field  with  mitochondria 
to  maintain  ionic  gradients  and  exocytosis  could  create  an  axonal 
sink  for  these  organelles,  potentially  depriving  the  somatic  region 
of  an  adequate  mitochondrial  complement.  In  fact,  mitochondrial 
density  in  the  somatodendritic  region  of  SNc  DA  neurons  appears  to 
be  abnormally  low  [54].  Asking  a  depleted  mitochondrial  comple¬ 
ment  in  the  somatodendritic  region  to  meet  the  challenge  posed  by 
sustained  Ca2+  entry  and  this  large  axonal  tree  should  lead  to  a  sus¬ 
tained  elevation  in  oxidative  phosphorylation  and  the  production 
of  superoxide  and  ROS. 

3.  Is  PD  a  manifestation  of  Ca2+ -accelerated  aging? 

One  of  the  oldest  and  most  popular  theories  of  aging  is  that  it  is 
a  direct  consequence  of  accumulated  mtDNA  and  organelle  dam¬ 
age  produced  by  ROS  and  related  reactive  molecules  generated  by 
the  ETC  in  the  course  of  oxidative  phosphorylation  [55,56].  A  corol¬ 
lary  of  this  hypothesis  is  that  the  rate  of  aging  is  directly  related 
to  metabolic  rate.  There  is  no  obvious  reason  not  to  extend  this 
organismal  postulate  to  individual  cells.  The  reliance  of  SNc  DA  neu¬ 
rons  on  a  metabolically  expensive  strategy  to  generate  autonomous 
activity  that  taxes  mitochondria  should  mean  that  they  age  more 
rapidly  than  other  types  of  neuron.  Is  then  PD  simply  a  reflection  of 
accelerated  aging  in  neurons  that  rely  too  heavily  upon  Ca2+  chan¬ 
nels  to  do  their  business?  Age  is  undoubtedly  the  single  strongest 
risk  factor  for  PD  [57,58].  Stereological  estimates  of  normal  aging 
related  cell  death  in  humans  argue  that  SNc  DA  neurons  at  a  higher 
risk  than  other  neurons  in  the  absence  of  environmental  toxins  or 
pathogens,  as  they  are  lost  at  a  significantly  higher  rate  than  many 
other  types  of  neurons  (some  of  which  show  no  appreciable  loss 
over  a  6-7  decade  span)  [59].  In  mammals  with  significantly  shorter 
life-spans,  loss  of  SNc  DA  neurons  with  age  has  not  been  seen  reli¬ 
ably,  but  there  is  a  clear  decline  in  phenotypic  markers  with  age  that 
matches  that  seen  in  PD,  as  well  as  an  increased  susceptibility  to 
toxins  [60-65].  Taken  together,  these  studies  make  a  case  that  SNc 
DA  neurons  age  more  rapidly  than  the  vast  majority  of  the  neurons 
in  the  brain. 

This  ‘wear  and  tear’  theory  suggests  that  PD  is  first  and  foremost 
a  consequence  of  aging.  Why  then  do  some  people  become  symp¬ 
tomatic  in  their  50’s,  others  in  their  60’s  or  70’s  or  not  at  all  in  an  80 
or  90  year  life?  Genetic  factors  certainly  could  account  for  a  large 
part  of  this  variation  [8,36,57],  These  factors  could  increase  the 


rate  at  which  vulnerable  neurons  age  by  compromising  mitochon¬ 
drial  function  or  Ca2+  homeostasis.  Several  of  the  genetic  mutations 
associated  with  early-onset  forms  of  PD  are  directly  linked  to  mito¬ 
chondrial  dysfunction  [16].  Unfortunately,  animal  models  of  these 
forms  of  PD  have  failed  to  recapitulate  the  disease.  For  example, 
mutations  of  DJ-  J  ( PARK7 )  are  associated  with  an  early-onset  form 
of  PD.  It  has  been  putatively  categorized  as  an  atypical  mitochon¬ 
drial  “peroxiredoxin-like  peroxidase,”  decreasing  the  accumulation 
of  hydrogen  peroxide  and  damage  due  to  ETC  superoxide  genera¬ 
tion  [66].  But,  how  this  happens  is  not  clear.  DJ-1  is  redox  sensitive, 
giving  it  the  capacity  to  signal  oxidative  challenges  and  potentially 
coordinate  a  variety  of  mitochondrial  oxidative  defense  mecha¬ 
nisms  [67].  Although  deleting  DJ-1  increases  the  sensitivity  of  cells 
generally  to  heroic  oxidative  challenge,  it  remains  to  be  determined 
how  it  compromises  SNc  DA  neurons  under  more  physiological 
conditions.  Studies  of  DJ-1  knockouts  have  not  revealed  any  loss 
of  SNc  DA  neurons  or  a  fundamental  shift  in  their  physiology,  only 
a  modest  deficit  in  DA  release  during  burst  stimulation  that  is  dif¬ 
ficult  to  tie  to  an  increased  vulnerability  [68].  But  there  have  been 
no  studies  in  these  mice  of  mitochondrial  physiology  in  mature 
SNc  DA  neurons  where  Ca2+  influx  during  pacemaking  has  fully 
developed.  This  could  prove  to  be  critical  to  an  understanding  of 
the  mechanisms  that  could  accelerate  the  loss  of  these  cells  over 
decades. 

Two  other  genes  linked  to  familial  PD  have  unequivocal  linkages 
to  mitochondria.  One  is  Parkin  (PARK2).  Fruit  flies  with  functional 
deletions  of  Parkin  have  fragmented  and  apoptotic  mitochrondria 
[69];  knockout  mice  have  a  less  dramatic  but  a  clear  mitochondrial 
phenotype  (including  decreased  mitochondrial  (respiratory)  func¬ 
tion,  decreased  metabolic  drive,  and  increased  lipid  and  protein 
phosphorylation)  [70].  Another  is  PTEN-induced  putative  kinase 
1  or  PINK1  (PARK6).  Its  deletion  leads  to  an  identical  phenotype 
in  Drosophila  as  does  Parkin  deletion  -  fragmented  cristae  and 
apoptotic  mitochondria;  this  phenotype  can  be  rescued  by  Parkin 
over-expression,  suggesting  involvement  in  some  common  bio¬ 
chemical  pathway  [71,72].  Although  found  both  in  cytosolic  and 
mitochrondrial  preparations,  PINK1  has  an  N-terminus  mitochon¬ 
drial  targeting  sequence  [73].  PINK1  deletion  also  compromises  DA 
release  during  burst  stimulation,  like  DJ-1  [74].  It  is  not  difficult  to 
infer  that  loss  of  function  mutations  in  either  of  these  genes  should 
have  their  biggest  impact  in  a  cell  type  that  had  a  high  basal  level 
of  metabolic  activity,  creating  a  mitochondrial  oxidative  stress.  But 
to  date,  this  has  not  been  convincingly  demonstrated. 

Can  the  Ca2+-mediated  cellular  aging  hypothesis  account  for 
the  vulnerability  of  other  cell  types  in  PD?  Other  regions  of  the 
brain  that  have  cell  loss  paralleling  that  of  the  SNc  are  the  locus 
ceruleus  (LC)  and  hypothalamic  tuberomamillary  nucleus  [32,75]. 
The  neurons  of  the  LC  and  the  tuberomamillary  neurons  are  similar 
to  SNc  DA  neurons  in  several  respects.  Like  SNc  DA  neurons,  both 
LC  and  tuberomamillary  neurons  are  autonomous  pacemakers  that 
depend  upon  L-type  Ca2+  channels  [76-78].  In  contrast,  DA  neurons 
in  the  VTA  do  not  rely  upon  L-type  Ca2+  channels  for  pacemak¬ 
ing  and  are  relatively  intact  in  PD  patients  and  in  animal  models 
of  PD  [11,43,79-81].  DA  neurons  in  the  olfactory  bulb  also  are 
autonomous  pacemakers  and  rely  upon  Ca2+  channels  (although 
not  L-type  channels)  [81  ].  While  olfactory  deficits  have  been  asso¬ 
ciated  with  PD  [82],  there  is  no  obvious  loss  of  olfactory  bulb  DA 
neurons  [83].  Although  this  would  seem  to  run  counter  to  the  Ca2+ 
hypothesis,  this  could  simply  be  a  consequence  of  the  capacity  of 
this  region  for  adult  neurogenesis  [84]. 

4.  Can  PD  be  prevented? 

If  PD  is  a  consequence  of  Ca2+-accelerated  aging  in  SNc  DA  neu¬ 
rons  (and  in  those  neurons  with  a  similar  phenotype),  then  reducing 
Ca2+  flux  should  delay  the  onset  of  PD  symptoms  as  well  as  slow 
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its  progression.  This  might  be  possible  with  orally  deliverable,  DHP 
L-type  channel  antagonists  shown  to  be  safe  in  humans  [43].  Adult 
SNc  DA  neurons  readily  compensate  for  the  antagonism  of  L-type 
Cavl.3  Ca2+  channels  and  continue  pacemaking  at  a  normal  rate 
[46].  More  importantly,  although  the  impact  on  mitochondrial  and 
ER  stress  can  only  be  inferred  at  this  point,  reducing  Ca2+  influx  dur¬ 
ing  pacemaking  dramatically  diminishes  the  sensitivity  of  SNc  DA 
neurons  to  toxins  used  to  generate  animal  models  of  PD  [43].  SNc 
DA  neurons  that  express  the  Ca2+  binding  protein  calbindin  also 
have  a  diminished  sensitivity  to  PD  toxins  [79,85],  Furthermore,  at 
neuroprotective  doses  of  an  L-type  channel  antagonist,  mice  have 
no  obvious  motor,  learning  or  cognitive  deficits,  suggesting  that 
the  patterned  activity  of  SNc  DA  neurons  is  functionally  unchanged 
[39,46,86], 

Is  there  evidence  that  this  strategy  might  work  in  humans  to 
prevent  or  slow  PD?  Calcium  channel  antagonists  (CCAs),  includ¬ 
ing  the  DHPs  used  in  animal  studies,  are  commonly  used  in  clinical 
practice  to  treat  hypertension,  creating  a  potential  database  to 
be  mined.  A  case-control  study  of  hypertensive  patients  found 
a  significant  reduction  in  the  observed  risk  of  PD  with  CCA  use, 
but  not  with  medications  that  reduce  blood  pressure  in  other 
ways  [87].  More  recently,  a  large  Danish  data  set  has  been  exam¬ 
ined  [88].  The  authors  agreed  with  the  main  conclusions  of  the 
Becker  et  al.  study  but  extended  their  findings  by  showing  that 
only  DHPs  that  cross  the  blood-brain  barrier  (BBB)  are  associated 
with  reduced  PD  risk  (~30%).  Given  the  short  period  of  treat¬ 
ment  in  many  cases  (~2  years),  variable  dosing,  and  low  relative 
affinity  of  DHPs  for  Cavl.3  Ca2+  channels  (compared  toCavl.2  chan¬ 
nels)  [89-91],  this  is  a  surprisingly  strong  association  and  lends 
further  credence  to  the  proposition  that  a  BBB  permeable  and 
potent  Cavl.3  antagonist  could  be  a  very  effective  neuroprotective 
agent. 

That  said,  these  studies  are  not  a  substitute  for  a  controlled 
clinical  trial.  In  the  absence  of  a  selective  Cavl  .3  Ca2+  channel  antag¬ 
onist,  the  DHP  isradipine  is  the  most  attractive  drug  for  such  a 
trial.  Isradipine  has  a  relatively  higher  affinity  for  Cavl  .3  Ca2+  chan¬ 
nels  than  the  other  known  DHP  and  has  good  brain  bioavailability 
[92,93].  At  the  doses  used  to  treat  hypertension,  isradipine  has 
relatively  minor  side  effects  [94].  The  question  is  whether  it  will 
prove  neuroprotective  at  doses  tolerated  by  the  general  popula¬ 
tion.  Pharmacokinetic  studies  by  our  group  have  found  that  serum 
concentrations  of  isradipine  achieved  in  mice  that  are  protected 
(~2  ng/ml)  against  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
and  6-hydroxydopamine  toxicity  are  very  close  to  those  achieved  in 
humans  with  a  very  well-tolerated  daily  dose  ( 1 0  mg/day,  Dynacirc 
CR),  suggesting  that  neuroprotection  is  achievable. 

It  is  also  worth  considering  how  DHPs  might  be  used  in 
combination  with  other  drugs  that  are  being  tested  in  clinical 
neuroprotection  trials  for  PD.  Although  early  trials  with  creatine, 
coenzyme  Q10,  and  other  antioxidant  supplements  have  been  dis¬ 
appointing  [95],  they  share  the  hypothesis  that  oxidative  stress 
exacerbates  the  symptoms  and  progression  of  PD.  Coenzyme  Q10 
is  an  electron  acceptor  for  complexes  I  and  II  that  appears  compro¬ 
mised  in  PD  patients  [96]  and  is  neuroprotective  in  animal  models 
of  PD  [97].  Creatine  is  a  substrate  for  ATP  production  that  can 
both  improve  mitochondrial  efficiency  and  reduce  oxidative  stress 
by  buffering  fluctuations  in  cellular  energy  production  [98].  Both 
approaches  are  aimed  at  improving  mitochondrial  function  rather 
than  attacking  the  source  of  stress  on  mitochondria.  Rasagline  or 
deprenyl  also  could  prove  to  have  neuroprotective  effects  by  virtue 
not  of  its  ability  to  inhibit  monoamine  oxidase  B,  but  by  their  abil¬ 
ity  to  its  ability  to  induce  the  expression  of  antioxidant  defenses 
[99,100].  Because  their  sites  of  action  differ  within  the  chain  of 
events  leading  to  oxidative  stress  and  mitochondrial  dysfunction, 
a  combination  therapy  could  prove  more  effective  than  any  one 
therapy  alone. 


5.  Gaps  in  our  understanding  of  the  role  of  Ca2+  in  the 
etiology  of  PD 

There  are  a  number  of  major  gaps  in  our  understanding  of  the 
role  Ca2+  might  play  in  the  neuronal  pathology  seen  in  PD.  Fill¬ 
ing  these  gaps  not  only  could  provide  novel  therapeutic  strategies 
for  preventing  or  slowing  the  progression  of  the  disease  but  could 
also  help  to  create  strategies  for  ‘successful  aging’  generally.  Fig.  2 
graphically  summarizes  some  of  the  key  points  of  the  review  and 
points  of  uncertainty. 

One  major  gap  is  the  mechanistic  linkage  between  activity 
dependent  Ca2+  entry  into  neurons  and  mitochondrial  oxidative 
stress.  In  spite  of  its  plausibility,  there  is  no  direct  evidence 
that  plasma  membrane  Ca2+  influx  elevates  mitochondrial  oxida¬ 
tive  phosphorylation  and  the  production  of  superoxide.  Limiting 
plasma  membrane  Ca2+  influx  certainly  diminishes  the  sensitivity 
of  SNc  DA  neurons  to  mitochondrial  toxins,  but  this  effect  could 
be  indirect.  The  development  of  redox  sensitive  optical  probes 
[101-103]  and  two  photon  laser  scanning  microscopy  to  allow 
imaging  of  mitochondria  in  situ  puts  this  question  within  reach. 
A  related,  albeit  more  difficult  question,  is  whether  the  role  of 
mitochondria  in  intracellular  Ca2+  buffering  contributes  to  neu¬ 
ronal  apoptosis  in  slowly  progressing  neurodegenerative  diseases, 
like  PD.  Although  mitochondria  do  not  normally  flux  Ca2+  from  the 
cytoplasm  at  physiological  concentrations,  Ca2+  released  from  the 
ER  through  inositol  trisphosphate  (IP3)  or  ryanodine  receptors  can 
enter  mitochondria  at  points  of  apposition  between  the  organelles, 
which  form  functional  Ca2+  microdomains  in  which  Ca2+  concentra¬ 
tions  can  rise  into  the  micromolar  range  [104-106].  Through  these 
junctions,  ‘dumping’  of  ER  Ca2+  stores  into  mitochondria  could 
trigger  apoptosis  in  marginally  competent  mitochondria  [107]. 
However,  the  vast  majority  of  the  studies  demonstrating  the  exis¬ 
tence  of  close  interactions  between  mitochondria  and  the  ER  have 
been  performed  in  cell  lines,  none  have  been  performed  in  SNc 
dopaminergic  neurons  where  the  functional  relationship  between 
these  organelles  could  be  quite  different.  That  said,  mechanisms 
like  this  seem  to  be  in  play  in  Alzheimer’s  disease  [108]. 

A  closely  related  question  is  whether  non-autonomous  oxida¬ 
tive  stress  could  synergize  with  that  created  by  the  Ca2+  phenotype. 
There  is  ample  evidence  that  inflammation  and  the  production  of 
ROS  and  reactive  nitrogen  species  (RNS)  could  accelerate  the  loss 
of  SNc  DA  neurons  and  the  progression  of  PD.  Recent  work  has 
identified  another  possible  player  in  translating  extrinsic  oxida¬ 
tive  stress  into  mitochondria  dysfunction.  ROS  mediated  activation 
of  protein  kinase  C  beta  (PKCb)  phosphorylates  66-kilodalton  iso¬ 
form  of  the  growth  factor  adapter  She  (p66shc ),  promoting  transport 
into  mitochondria  where  it  alters  Ca2+  responses  and  promotes 
apoptosis  [109].  Because  it  controls  life-span  [110],  p66shc  could 
be  particularly  important  in  regulating  the  aging  of  neurons,  like 
SNc  DA  neurons,  that  are  stressed  by  Ca2+  flux  across  the  plasma 
membrane. 

A  second  major  gap  in  our  understanding  is  how  genetic  muta¬ 
tions  associated  with  PD  interact  with  Ca2+  triggered  events  in  SNc 
DA  neurons.  Although  DA  could  be  a  factor  [8],  Ca2+  must  be  con¬ 
sidered  the  prime  suspect  in  making  these  mutations  lethal.  As 
outlined  here,  this  is  most  likely  mediated  by  metabolic,  oxidative 
stress.  It  is  easy  to  imagine  that  a  negative  dominant  mutation  of  a 
gene  like  DJ-t  could  exacerbate  the  basal  oxidative  stress  in  an  SNc 
DA  neuron  and  accelerate  mitochondrial  and  proteostatic  collapse, 
leaving  neurons  lacking  the  same  basal  stress  largely  unaffected. 
But,  these  types  of  interaction  between  mutations  and  cellular  phe¬ 
notype  have  not  been  pursued. 

A  third  gap  is  our  understanding  is  whether  non-dopaminergic 
neurons  that  are  vulnerable  in  PD  share  the  Ca2+  phenotype.  As 
mentioned  above,  there  is  some  evidence  that  at  least  a  subset  of 
the  neurons  that  die  or  functionally  decline  are  pacemakers  that 
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Fig.  2.  A  schematic  summarizing  a  model  of  how  Ca2+  entry  during  pacemaking  in  SNc  DA  neurons  might  lead  to  mitochondrial  oxidative  stress,  accelerated  aging  and  eventual 
cell  death.  At  the  top  is  an  image  of  a  reconstructed  SNc  DA  neuron  showing  the  pacemaker  driven  somatic  spiking  and  dendritic  Ca2+  oscillations  associated  with  pacemaking. 
This  dendritic  Ca2+  influx  is  attributable  almost  entirely  to  flux  through  Cavl.3  Ca2+  channels.  At  the  bottom  is  a  cartoon  depicting  the  hypothetical  mechanisms  involved 
in  elevating  mitochondrial  oxidative  stress.  Ca2+  influx  through  Cavl.3  channels  is  either  sequestered  in  the  endoplasmic  reticulum  by  uptake  through  smooth  endoplasmic 
reticulum  Ca2+  (SERCA)  pumps  or  taken  up  by  mitochondria  through  channels  created  by  voltage-dependent  anion  channels  (VDAC)  and  Ca2+  uniporter  (UP);  the  extent  to 
which  this  pathway  is  important  is  in  question  (hence  the  question  mark  on  the  arrow).  Ca2+  could  also  enter  mitochondria  through  this  VDAC/UP  channel  at  points  of  appo¬ 
sition  between  the  ER  and  mitochondra  where  inositol  trisphosphate  receptors  (1P3)  and/or  ryanodine  receptors  (IP3R/RYR)  are  positioned  at  specializations  -  mitochondrial 
associated  membrane  (MAM).  This  entry  route  has  not  been  established  in  SNc  DA  neurons,  hence  the  question  mark.  Ca2+  entering  through  Cavl.3  channels  is  moved  back 
across  the  plasma  membrane  through  either  the  Ca2+-ATPase  (PMCA)  or  through  a  Na+/Ca2+  exchanger  (NCX)  that  relies  upon  the  Na+  gradient  maintained  by  the  Na/I<  ATPase 
at  energetic  cost;  leading  to  conversion  of  ATP  to  ADP.  ADP  and  ATP  are  exchanged  by  mitochondria  with  the  VDAC  and  adenine  nucleotide  transporter  (ANT).  ADP  stimulates 
oxidative  phosphorylation.  Ca2+  entering  the  mitochondrial  matrix  can  stimulate  enzymes  of  the  tricarboxylic  acid  (TCA)  cycle  that  produces  reducing  equivalents  for  the 
electron  transport  chain  (ETC);  complex  I  through  V  are  shown  at  the  inner  mitochondrial  membrane;  complex  V  (ATP  synthase)  uses  the  electrochemical  gradient  to  convert 
adenosine  diphosphate  (ADP)  and  inorganic  phosphate  to  adenosine  triphosphate  (ATP).  Electron  movement  along  the  ETC  generates  superoxide,  leading  to  the  production  of 
reactive  oxygen  species  (ROS)  that  can  produce  a  variety  of  deleterious  effects  that  can  be  viewed  as  accelerated  aging  (red  arrow  at  the  bottom).  One  other  action  of  ROS  is  to 
promote  opening  of  the  mitochondrial  permeability  transition  pore  (mPTP);  irreversible  opening  of  the  mPTP  leads  to  release  of  pro-apoptetic  factors  into  the  cytosol.  A  basic 
question  is  whether  reversible  opening  of  the  mPTP  is  possible  under  conditions  of  mild  oxidative  stress;  mPTP  opening  and  depolarization  of  the  inner  mitochondrial  mem¬ 
brane  could  serve  to  diminish  ROS  production.  Ca2+  is  removed  from  mitochondrial  through  mitochrondrial  Na+/Ca2+  exchangers  (NCXs).  Lastly,  genetic  mutations  associated 
with  Parkinson’s  disease,  like  those  to  DJ-1  or  PINK1,  might  directly  compromise  the  competence  of  mitochondria,  leading  to  accelerated  aging  or  increased  oxidative  stress. 


engage  L-type  Ca2+  channels.  However,  the  phenotypic  character¬ 
ization  must  be  explored  more  systematically  in  those  cell  types 
at  greatest  risk  (dorsal  motor  nucleus  of  the  vagus,  locus  ceruleus, 
basal  forebrain  cholinergic  neurons,  dorsal  raphe,  etc.).  Moreover, 
this  should  be  done  in  situ  (either  with  in  vivo  recording  or  in  brain 
slices  from  adult  mice)  where  the  behavior  of  the  neurons  is  as  close 
as  possible  to  that  found  in  humans. 


6.  Conclusions 

Ca2+  mediated  cellular  stress  has  long  been  thought  to  be 
important  in  neurodegeneration,  but  it  usually  is  envisioned  as 
a  late  stage  consequence  of  organelle  damage  inflicted  by  some 
other  challenge.  The  unusual  reliance  of  SNc  DA  neurons  on 
voltage-dependent  L-type  Ca2+  channels  in  autonomous  pacemak- 
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ing  suggests  that  the  mitochondrial  stress  created  by  sustained  Ca2+ 
entry  could  be  responsible  for  their  selective  vulnerability,  rather 
than  simply  a  late  stage  consequence.  This  hypothesis  is  consistent 
with  the  centrality  of  mitochondria  in  prevailing  models  of  patho¬ 
genesis  in  PD.  Genetic  mutations  and  environmental  challenges 
could  easily  synergize  with  this  basal  stress,  hastening  cellular 
aging  and  eventual  death.  Although  plausible  and  consistent  with 
regional  deficits  seen  in  normal  aging  and  PD,  the  proposition  that 
Ca2+  entry  during  pacemaking  compromises  mitochondrial  func¬ 
tion  remains  to  be  fully  untested.  The  tools  necessary  to  conduct 
this  test  are  now  becoming  available.  Nevertheless,  given  the  plau¬ 
sibility  of  the  link  between  Ca2+  and  the  loss  of  SNc  DA  neurons, 
the  absence  of  any  proven  neuroprotective  therapy  in  PD  and  the 
availability  of  Ca2+  channel  antagonists  that  are  well-tolerated  and 
approved  for  human  use,  it  would  seem  that  the  human  experiment 
should  proceed  now  in  the  form  of  clinical  neuroprotection  trials. 
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